Microsaccades and saccadic intrusions during normal and pathological visual fixation by Otero Millán, Jorge
  
Microsaccades and  
saccadic intrusions during normal and 
pathological visual fixation 
 
 
 
Author: 
Jorge Otero Millán 
 
 
 
Supervisors: 
Dr Susana Martinez-Conde              Dr José Luis Alba Castro 
 
 
A thesis submitted for the degree of Doctor of Philosophy 
(International mention) 
Universidade de Vigo 
Vigo, 2013 
 
Date of Submission: 
08/03/2013
  
 
 
 
 
 
 
 
 
 
 
 
                                                                         To my parents 
.
 Acknowledgements 
I would like to sincerely thank my supervisors Susana Martinez-Conde and José Luis 
Alba Castro for guiding me through this path. Susana is a truly remarkable role model and a 
brilliant scientist. José Luis has been a wonderful mentor on the distance. His technical 
knowledge has been the perfect complement to Susana's experience to make me succeed in 
this joint effort of engineering and neuroscience. I also thank our close collaborator Stephen 
L. Macknik for all his guidance through the years. When I joined the laboratory I was fortu-
nate to coincide with Xoana G. Troncoso. She has also been a mentor figure to me and I have 
learned so much from her. 
I have been privileged to collaborate with R. John Leigh. He is a very kind and inspiring 
scientist who has shown me how to apply basic research to the clinical field. I will never for-
get my visit to Cleveland. I was also lucky to collaborate with Lance Optican and learn from 
his vast experience in modeling the oculomotor system. I very much enjoyed reviewing the 
literature and discussing the different aspects of microsaccade generation with him. 
Expressing ideas out loud is a very good way of realizing that they are wrong. I have to 
thank Hector Rieiro for listening to idea after idea and providing very valuable input.  I also 
appreciate the help from all other current and past lab members, specially Michael B. 
Mccamy, with whom I shared most of my time in Phoenix. Many thanks also to all the tech-
nical staff and student assistants, specially Rachel E Langston, who helped me collect and 
analyze some of the data presented here.  
Data collection is the basis of all experimental results. For this reason, I must thank all 
the subjects that have participated in the experiments. Even greater thanks go to all the col-
leagues and friends that volunteered to help in the pilot studies. 
 The work in this thesis has been supported by a fellowship from the Pedro Barrié de la 
Maza Foundation and multiple awards to Susana Martinez-Conde from the National Science 
Foundation, the Arizona Biomedical Research Commission, and the Barrow Neurological 
Foundation. 
Finally, I could not have done this without the unconditional love and support of my par-
ents and my wife. Thank you so much. 
 
    iii 
Table of Contents 
Acknowledgements i 
Table of Contents iii 
List of Figures vii 
List of Tables ix 
List of Equations x 
Resumen en español xi 
Movimientos de fijación visual .......................................................................................... xiii 
Cuál es la función de las microsacadas? ............................................................................ xiv 
Entendiendo fijación visual como micro-exploración ........................................................ xv 
Movimientos sacádicos durante fijación visual en pacientes neurológicos ...................... xvii 
Simulación del circuito  de generación de microsacadas ................................................... xix 
Nuevo método para la detección de microsacadas .............................................................. xx 
Conclusiones ...................................................................................................................... xxi 
Introduction 1 
Chapter 1 Eye movements during attempted fixation 4 
1.1 What are the functions of microsaccades? ................................................................... 6 
Chapter 2 Neural basis of microsaccades generation 10 
2.1 The saccadic system ................................................................................................... 11 
2.2 Activity of different brain areas during microsaccades .............................................. 14 
2.3 Microsaccade triggering ............................................................................................. 14 
Chapter 3 An eye movement continuum from fixation to exploration 18 
3.1 Saccades and microsaccades during visual fixation, exploration and search: 
foundations for a common saccadic generator .................................................................... 19 
3.1.1 Methods ......................................................................................................... 20 
3.1.1.1 Subjects ............................................................................................ 20 
Table of Contents iv 
 
3.1.1.2 Experimental Design ........................................................................ 20 
3.1.1.3 Calculation of microsaccade and saccade parameters ...................... 25 
3.1.1.4 Intersaccadic interval distribution fitting ......................................... 25 
3.1.2 Results ........................................................................................................... 25 
3.1.2.1 Saccade and microsaccade during visual fixation and free-viewing 26 
3.1.2.2 Microsaccade characterization during pro-longed fixation, and during 
the fixation periods in free-viewing .............................................................. 27 
3.1.2.3 Temporal interactions between saccades and microsaccades .......... 33 
3.1.3 Discussion ..................................................................................................... 36 
3.1.3.1 Microsaccades during free-viewing ................................................. 36 
3.1.3.2 Saccades and microsaccades as an optimal sampling strategy ......... 38 
3.1.3.3 Microsaccades in visual search and the role of attention ................. 39 
3.1.3.4 A saccade-microsaccade continuum ................................................ 40 
3.1.3.5 Practical implications for future research ......................................... 40 
3.1.3.6 Conclusions ...................................................................................... 41 
3.2 Visual fixation is visual exploration on a miniature scale .......................................... 42 
3.2.1 Methods ......................................................................................................... 43 
3.2.1.1 Experiment 1 .................................................................................... 43 
3.2.1.2 Experiment 2 .................................................................................... 43 
3.2.1.3 Modeling of oculomotor behavior .................................................... 44 
3.2.2 Results ........................................................................................................... 45 
3.2.2.1 Experiment 1 .................................................................................... 45 
3.2.2.2 Experiment 2 .................................................................................... 49 
3.2.3 Discussion ..................................................................................................... 49 
Chapter 4 Saccades during attempted fixation in neurological disorders 53 
4.1 Distinctive features of saccadic intrusions and microsaccades in progressive 
supranuclear Palsy .............................................................................................................. 53 
4.1.1 Methods ......................................................................................................... 55 
4.1.1.1 Subjects ............................................................................................ 55 
4.1.1.2 Eye-tracking apparatus ..................................................................... 57 
4.1.1.3 Experimental design ......................................................................... 58 
4.1.1.4 Objective saccade characterization .................................................. 58 
4.1.1.5 An objective algorithm for the automatic detection of SWJs ........... 58 
4.1.1.6 ROC analsyis .................................................................................... 63 
4.1.2 Results ........................................................................................................... 63 
4.1.2.1 Comparison of SWJ saccades and non-SWJ saccades ..................... 63 
4.1.2.2 Differentiation of PSP patients and healthy controls based on saccade 
and SWJ properties ........................................................................................ 66 
4.1.3 Discussion ..................................................................................................... 69 
4.1.3.1 Comparison of SWJs in PSP patients and control subjects .............. 69 
4.1.3.2 The relationship between SWJs and microsaccades ........................ 69 
4.1.3.3 Possible neural substrate for saccades during attempted fixation .... 70 
4.1.3.4 Conclusions ...................................................................................... 72 
4.2 Fixation in parkinsonian disorders and recessive ataxia: from microsaccades to 
square-wave-jerks ............................................................................................................... 73 
4.2.1 Methods ......................................................................................................... 74 
4.2.1.1 Subjects ............................................................................................ 74 
4.2.1.2 Recordings ........................................................................................ 75 
4.2.1.3 Experimental design ......................................................................... 77 
Table of Contents v 
 
4.2.1.4 Saccade detection ............................................................................. 77 
4.2.1.5 SWJ detection ................................................................................... 78 
4.2.1.6 Statistical analysis ............................................................................ 78 
4.2.2 Results ........................................................................................................... 79 
4.2.2.1 A common SWJ coupling mechanism in the intact brain and in 
neurological disease ...................................................................................... 79 
4.2.2.2 Distinctive properties of fixational saccades in PD versus PSP ....... 80 
4.2.3 Discussion ..................................................................................................... 83 
4.2.3.1 Generation of saccadic intrusions and microsaccades ...................... 84 
4.2.3.2 Pathophysiology of saccadic intrusions in neurological disease ...... 85 
Chapter 5 Modeling microsaccade triggering 88 
5.1 Implementation of the model ..................................................................................... 90 
5.1.1 Brain stem reticular formation ...................................................................... 91 
5.1.2 Superior colliculus ......................................................................................... 92 
5.1.3 Frontal eye fields and basal ganglia .............................................................. 94 
5.1.4 Random fluctuations...................................................................................... 94 
5.1.5 Cerebellum .................................................................................................... 94 
5.2 Results ........................................................................................................................ 96 
5.2.1 Saccades ........................................................................................................ 96 
5.2.2 Simulating microsaccades during fixation .................................................... 96 
5.2.3 SC inactivation .............................................................................................. 98 
5.2.4 Saccadic intrusions ........................................................................................ 98 
5.3 Discussion .................................................................................................................. 99 
5.3.1 On the relationship between OPN and SC rostral pole ................................. 99 
5.3.2 Who goes first? ............................................................................................ 100 
5.3.3 Do other signals bypass the SC to control saccade triggering in the reticular 
formation? 100 
Chapter 6 Unsupervised clustering method to detect microsaccades 102 
6.1 A new method for microsaccade detection .............................................................. 104 
6.1.1 Event detection ............................................................................................ 105 
6.1.2 Clustering .................................................................................................... 106 
6.1.3 Quality control metric ................................................................................. 107 
6.2 Human data collection .............................................................................................. 108 
6.3 Other microsaccade detection methods .................................................................... 108 
6.4 Manual labeling ........................................................................................................ 109 
6.5 Simulated data generation ........................................................................................ 109 
6.6 Results ...................................................................................................................... 110 
6.6.1 Qualitative validation .................................................................................. 110 
6.6.2 Quantitative validation ................................................................................ 112 
6.6.3 Validation using simulated data .................................................................. 115 
6.7 Discussion ................................................................................................................ 116 
6.7.1 Advantages of the new method ................................................................... 117 
6.7.2 General principles to validate microsaccade detection methods ................. 117 
6.7.3 A new index of eye-tracking precision? ...................................................... 118 
Chapter 7 General discussion and conclusions 120 
7.1 Microsaccades and saccades .................................................................................... 121 
7.2 Implications for models of the saccadic system: the trigger .................................... 122 
7.3 Microsaccades as a diagnostic tool........................................................................... 123 
Table of Contents vi 
 
7.4 Why do we make microsaccades? ............................................................................ 123 
References  125 
    vii 
List of Figures 
Figure 1-1 Seeing your own fixational eye movements ........................................................................... 5 
Figure 1-2 Fixational eye movements ...................................................................................................... 6 
Figure 1-3 Perceptual effects of microsaccades ....................................................................................... 7 
 
Figure 2-1 Saccadic system .................................................................................................................... 12 
Figure 2-2 The superior colliculus and the burst generator .................................................................... 13 
Figure 2-3 Clasical models of the burst generator .................................................................................. 15 
Figure 2-4 Microsaccade triggering models ........................................................................................... 16 
 
Figure 3-1 Monocular eye-position traces (45 s each) during typical free-viewing trials ...................... 21 
Figure 3-2 Saccadic main sequences during visual fixation vs. free-viewing ........................................ 22 
Figure 3-3 Microsaccade parameters during prolonged fixation ............................................................ 24 
Figure 3-4 Examples The role of microsaccades in free-viewing .......................................................... 27 
Figure 3-5 Fixations and microsaccades during free-viewing ................................................................ 28 
Figure 3-6 Microsaccades and saccades follow the same main sequence .............................................. 32 
Figure 3-7 Intersaccadic interval distributions ....................................................................................... 33 
Figure 3-8 Relationship between intersaccadic intervals and the magnitude of subsequent saccades ... 35 
Figure 3-9 A saccadic continuum from exploration to fixation .............................................................. 46 
Figure 3-10 The saccadic continuum from exploration to fixation extends to saccade magnitude, peak 
velocity, intersaccadic interval and direction ........................................................................... 47 
Figure 3-11 Empirical and simulated saccade magnitude distributions.................................................. 48 
Figure 3-12 Spatial frequency content does not influence saccade magnitude distributions for natural 
scenes of diminishing sizes ...................................................................................................... 48 
Figure 3-13 The saccadic continuum extends to non-restrictive viewing conditions ............................. 50 
 
Figure 4-1 Examples of SWJs in control subjects and PSP patients ...................................................... 56 
Figure 4-2 Objective  SWJ characterization ........................................................................................... 62 
Figure 4-3 Saccades in SWJs compared to other small saccades (up to 5 deg in size) not in SWJs ...... 64 
Figure 4-4 Large fixational saccades form SWJs ................................................................................... 66 
Figure 4-5 ROC analysis ........................................................................................................................ 68 
Figure 4-6 Examples of saccadic intrusions in a control subject, a PSP patient, a PD patient, a CBS 
patient, a MSA patient and a SCASI patient ............................................................................ 75 
Figure 4-7 A common square-wave coupling mechanism ..................................................................... 80 
Figure 4-8 Characteristics of fixational saccades across subject groups ................................................ 81 
Figure 4-9 Saccadic parameters in PD patients, PSP patients and healthy controls ............................... 82 
Figure 4-10 Microsaccade triggering model (Otero-Millan et al., 2011a) .............................................. 85 
 
List of Figures viii 
 
Figure 5-1 General model structure ........................................................................................................ 90 
Figure 5-2 Schematic of the projections from the SC to the reticular formation and the triggering circuit
.................................................................................................................................................. 93 
Figure 5-3 Simulation of a 2 degree saccade .......................................................................................... 96 
Figure 5-4 Simulation of microsaccades during 5 seconds of attempted fixation .................................. 97 
Figure 5-5 Simulated microsaccade distributions ................................................................................... 97 
Figure 5-6 Effects of SC inactivation ..................................................................................................... 98 
Figure 5-7 Simulation of a 2 degree saccade .......................................................................................... 99 
 
Figure 6-1 Examples of microsaccades ................................................................................................ 103 
Figure 6-2 Microsaccade candidate detection. ..................................................................................... 105 
Figure 6-3. Bimodal distributions of microsaccade properties ............................................................. 111 
Figure 6-4. Correlation between mean silhouette and error rate across recordings. ............................. 112 
Figure 6-5 Error rates in Engbert and Kliegl (2003) method and in new clustering method ................ 113 
Figure 6-6 Error rates in Engbert and Kliegl's method and the new clustering method ....................... 114 
Figure 6-7 Error rates in the Engbert and Kliegl method and the new clustering method, using 
monocular data. ...................................................................................................................... 115 
Figure 6-8 Performance of the Engbert and Kliegl method and the clustering method using simulated 
data ......................................................................................................................................... 116 
    ix 
List of Tables 
Table 3.1. Saccade parameters (rate, magnitude, peak velocity, duration) in each experimental 
condition................................................................................................................................... 26 
Table 3.2. Microsaccade dynamics in the fixation periods during free-viewing .................................... 31 
 
Table 4-1 Summary of Clinical Features of PSP Patients ...................................................................... 55 
Table 4-2 Characteristics of SWJs .......................................................................................................... 67 
Table 4-3 Clinical features of all patients ............................................................................................... 76 
Table 4-4 Saccadic parameters in PD patients, PSP patients and healthy controls ................................ 82 
    x 
List of Equations 
(3-1) .................................................................................................................................................. 45 
(3-2) .................................................................................................................................................. 45 
(4-1) .................................................................................................................................................. 59 
(4-2) .................................................................................................................................................. 60 
(4-3) .................................................................................................................................................. 60 
(4-4) .................................................................................................................................................. 60 
(5-1) .................................................................................................................................................. 92 
(5-2) .................................................................................................................................................. 92 
(5-3) .................................................................................................................................................. 92 
(5-4) .................................................................................................................................................. 93 
(5-5) .................................................................................................................................................. 93 
(5-6) .................................................................................................................................................. 95 
(5-7) .................................................................................................................................................. 95 
(6-1) ................................................................................................................................................ 105 
(6-2) ................................................................................................................................................ 106 
(6-3) ................................................................................................................................................ 106 
(6-4) ................................................................................................................................................ 107 
(6-5) ................................................................................................................................................ 107 
    xi 
Resumen en español 
Nuestros ojos nunca están completamente quietos. Continuamente exploran nuestro en-
torno con una sucesión de movimientos rápidos, llamados sacadas, intercalados con periodos 
relativamente estables.  Incluso cuando intentamos mantener nuestra mirada fija en un punto, 
pequeños movimientos oculares — indetectables a simple vista — continuamente cambian la 
posición del ojo. Estos microscópicos movimientos de fijación fueron descubiertos a princi-
pios del siglo vente. Desde entonces, investigadores del sistema visual se han esforzado en 
identificar las funciones que tiene cada uno de los tres tipos de movimientos oculares de fija-
ción: microsacadas, deriva y temblor. La mayoría de las investigaciones, y consiguiente deba-
te, se ha centrado en las microsacadas— pequeños y rápidos movimientos que se producen 
una o dos veces por segundo durante la fijación visual. A través del tiempo se han atribuido 
múltiples funciones a las microsacadas y el debate sobre su función y mecanismos de genera-
ción todavía continua. 
Aquí hemos estudiado la hipótesis de una equivalencia o continuidad entre microsacadas 
y sacadas, sustentada por el hecho de que las sacadas de todos los tamaños, incluso microsa-
cadas, comparten propiedades físicas y sustrato neuronal. La idea de que las microsacadas y 
las sacadas son el mismo tipo de movimiento ocular tiene implicaciones prácticas y teóricas, 
simultáneamente expande y pone límites a los posibles roles y funciones de las microsacadas 
y ayuda a descartar la noción, anteriormente aceptada, de que las microsacadas deberían tener 
un propósito fundamental y especial. 
La equivalencia entre microsacadas y sacadas puede que también se extienda a las "in-
trusiones sacádicas", movimientos que interrumpen la fijación estable y que son comunes en 
algunos trastornos neurológicos. Una equivalencia funcional abarcando microsacadas, sacadas 
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e intrusiones sacádicas ofrece predicciones que son significativas tanto para comprender la 
visión normal y el control oculomotor como para el diagnóstico y conocimiento de las enfer-
medades nerviosas. 
El mecanismo neuronal que genera los movimientos microsacádicos es incierto. Basán-
donos en la idea de la equivalencia entre microsacadas y sacadas y en el conocimiento acumu-
lado sobre el sistema oculomotor y la generación de movimientos sacádicos hemos propuesto 
un circuito y un mecanismo para la generación de microsacadas. Implementando un modelo 
de este circuito hemos simulado los resultados de estudios recientes y de los posibles efectos 
de ciertos síndromes. 
El trabajo que presentamos en esta tesis también ha contribuido con el desarrollo de nue-
vas herramientas para el análisis de movimientos oculares. Las microsacadas son movimien-
tos oculares microscópicos y su detección automática es complicada. Métodos usados actual-
mente presentan problemas como la necesidad de indicar un umbral arbitrario y la falta total 
de validación objetiva. En este trabajo presentamos un nuevo método para detectar microsa-
cadas basado en técnicas de clasificación no supervisada que no requiere un umbral arbitrario 
y que suministra un índice de validación que podría ser usado como un método estándar para 
evaluar la precisión de sistemas de registro de movimientos oculares. Además, hemos des-
arrollado un método para detectar movimientos de onda cuadrada (la clase más común de in-
trusiones sacádicas)  en sujetos sanos y pacientes neurológicos. 
En el capítulo 1 introducimos los movimientos de fijación visual con un enfoque en las 
microsacadas, sus características y posibles funciones. En el capítulo 2 describimos los circui-
tos neuronales encargados de la generación de las microsacadas y describimos el mecanismo 
que hemos propuesto. El capitulo 3 describe los resultados experimentales que apoyan la idea 
de una equivalencia entre microsacadas y sacadas y proponemos un nuevo marco de trabajo 
en el que fijación visual es equivalente a exploración visual a una escala pequeña. En el capí-
tulo 4 estudiamos los movimientos de fijación de pacientes con diferentes trastornos neuroló-
gicos y sujetos sanos para establecer las características comunes y diferenciadores de los mo-
vimientos microsacádicos y los movimientos de onda cuadrada. El capítulo 5 presenta los re-
sultados de las simulaciones del modelo de generación de microsacadas. En el capítulo 6 des-
cribimos el nuevo método para la detección automática de las microsacadas. Finalmente, en el 
capítulo 7 discutimos los resultados y las conclusiones. La mayor parte del trabajo aquí pre-
sentado ha sido publicado en revistas internaciones o está en proceso de publicación. 
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Movimientos de fijación visual 
¿Por qué movemos los ojos? Originalmente, los movimientos oculares evolucionaron pa-
ra compensar movimientos de cuerpo y cabeza manteniendo la imagen lo más estable posible 
en la retina  (Walls, 1962), condición necesaria para una percepción visual nítida. A medida 
que las especies evolucionaron con mejores mecanismos de estabilización, también desarro-
llaron retinas con una densidad más alta de fotoreceptores capaces de obtener una visión del 
mundo más detallada. Limitaciones físicas de espacio establecieron un límite superior en el 
número total de fotoreceptores en el ojo. La solución con la que evolucionaron muchas espe-
cies, incluyendo los humanos, fue la de tener una región pequeña con  una densidad de fotore-
ceptores tan alta como fuera posible (llamada fóvea) rodeada de una zona con una densidad 
mucho menor. Esta limitación llevo a la necesidad de un nuevo tipo de movimiento ocular, las 
sacadas (Leigh & Zee, 2006). Las sacadas, mueven esta zona de alta resolución al rededor de 
las diferentes partes de la escena visual para crear la ilusión de que la podemos verla al com-
pleto con gran detalle. Como nuestra percepción es mejor cuando la imagen es estable, estos 
cambios de posición debidos a las sacadas han de ser lo más rápidos posibles y estar interca-
lados con periodos en los que el ojo es estable. Por ello, la función y razón evolutiva de las 
sacadas es clara y no discutida. Sin embargo, durante muchos años se ha continuado deba-
tiendo porqué producimos pequeños movimientos oculares de fijación incluso cuando inten-
tamos mantener nuestra mirada fija en un punto. 
La primera indicación experimental de la existencia de los movimientos oculares de fija-
ción viene de Robert Darwin (Darwin & Darwin, 1786), que describió como el halo que apa-
rece alrededor de una figura  cuando intentamos fijar nuestra mirada (debido a la adaptación 
retiniana) se continuaba movimiento en todo momento.  El desarrollo de métodos de registro 
de movimientos oculares permitió la caracterización de los movimientos de fijación y el des-
cubrimiento de los tres tipos ahora comúnmente aceptados: microsacadas, deriva y temblor.  
El temblor es un movimiento ondulatorio muy pequeño con frecuencias en torno a los 
90Hz y amplitudes entre los 0.1 y 0.5 minutos de arco (Adler & Fliegelman, 1934; Ratliff & 
Riggs, 1950). El temblor es normalmente demasiado pequeño para ser detectado con la ma-
yoría de los sistemas de registro de movimientos oculares. La deriva ocurre continuamente en 
superposición con el temblor en los periodos entre microsacadas consecutivas. Aunque pueda 
parecer muy errática y aleatoria, la deriva puede corregir activamente la posición de fijación 
en caso de falta de microsacadas (Nachmias, 1961; St.Cyr & Fender, 1969). 
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Las microsacadas son cambios pequeños y muy rápidos de posición que ocurren una o 
dos veces por segundo. Normalmente, son binoculares y pueden incluir una componente de 
vergencia (Van Horn & Cullen, 2012). La magnitud de las microsacadas varía mucho de suje-
to a sujeto pero son típicamente de menos de 30 minutos de arco (Rolfs, 2009). Hasta la déca-
da de los 90 las microsacadas eran definidas como movimientos sacádicos de menos de 12 
minutos de arco (Collewijn & Kowler, 2008). Sin embargo estudios más recientes han mos-
trado que es muy normal que las microsacadas excedan este valor (Engbert & Mergenthaler, 
2006; Rolfs, 2009). Por ello, la mayoría de los estudios contemporáneos utilizan la conven-
ción de 1 grado (60 minutos) como límite para la magnitud de las microsacadas (Martinez-
Conde, Macknik, Troncoso, & Hubel, 2009; Otero-Millan, Troncoso, Macknik, Serrano-
Pedraza, & Martinez-Conde, 2008a).  
Cuál es la función de las microsacadas? 
Desde el su descubrimiento, la investigación sobre microsacadas se ha caracterizado por 
un intenso debate sobre sus funciones y posible importancia (o falta de ella) (Collewijn & 
Kowler, 2008; Ditchburn, 1980). El conflicto se detuvo temporalmente tras un artículo  muy 
influyente que declaro que las microsacadas nos tienen ninguna utilidad (Kowler & Steinman, 
1980). Estudios recientes han reavivado el interés y sugieren que las microsacadas pueden 
tener varias funciones (Martinez-Conde, Macknik, & Hubel, 2004; Martinez-Conde, Otero-
Millan, & Macknik, 2013; Rolfs, 2009).  
Las microsacadas evitan el desvanecimiento visual. A principios del milenio, experimen-
tos neurofisiológicos mostraron por primera vez que las microsacadas generaban ráfagas de 
actividad en la corteza visual de primates (Macknik, Martinez-Conde, & Haglund, 2000; Mar-
tinez-Conde, Macknik, & Hubel, 2002), sin embargo, todavía no había evidencia de ningún 
efecto de las microsacadas en percepción (Martinez-Conde et al., 2004). En los experimentos 
del laboratorio de Martinez-Conde que demostraron el efecto de las microsacadas en percep-
ción (Martinez-Conde, Macknik, Troncoso, & Dyar, 2006), sujetos indicaban la visibilidad de 
un estimulo que se desvanecía durante fijación. Microsacadas resultaron estar correlacionas 
con la reaparición del estimulo de acuerdo con la percepción del sujeto. Las microsacadas 
también están correlacionadas con la percepción ilusoria de movimiento en imágenes estáticas 
(Otero-Millan, Macknik, & Martinez-Conde, 2012; Troncoso, Macknik, Otero-Millan, & 
Martinez-Conde, 2008b). 
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Microsacadas y el control de la posición de fijación. Originalmente fue propuesto que las 
microsacadas sirven para recolocar la mirada en el punto de fijación cuando la deriva lo aleja 
demasiado (Cornsweet, 1956). Muchos estudios en la década de los 70, le quitaron importan-
cia esta función de las microsacadas por el hecho de haber descubierto que la deriva también 
puede corregir la posición de fijación en caso de ausencia de microsacadas (Steinman, Had-
dad, Skavenski, & Wyman, 1973). Otros estudios recientes han mostrado que los movimien-
tos de fijación generan error de posición en escalas de tiempo cortas pero lo reducen en esca-
las de tiempo largas (Engbert & Kliegl, 2004). 
Microsacadas como estrategia óptima de muestreado. Las microsacadas y las sacadas 
pueden reflejar una estrategia óptima en la que el sistema visual adquiere información en ins-
tancias discretas. Esta teoría esta favorecida por el hecho de que un paciente que no podía 
mover sus ojos y producía movimientos de la cabeza que tenían características similares a las 
sacadas (Gilchrist, Brown, & Findlay, 1997; Gilchrist, Brown, Findlay, & Clarke, 1998). 
Muestreado discreto puede ser una estrategia óptima para procesado de información a través 
de múltiples sistemas sensoriales (Uchida, Kepecs, & Mainen, 2006). Por ejemplo, los roedo-
res olfatean con una sucesión de aspiraciones cada 200-300ms, es decir, una dinámica tempo-
ral parecida a la de las microsacadas (Otero-Millan et al., 2008a).  
Entendiendo fijación visual como micro-exploración 
Durante la exploración visual, movimientos sacádicos escanean los diferentes objetos de 
interés en la escena visual. Durante fijación, los ojos están relativamente quietos pero todavía 
producen microsacadas. En este trabajo mostramos los resultados de dos estudios que investi-
gan la relación entre microsacadas y sacadas. En el primer estudio determinamos si sacadas 
de un tamaño comparable las microsacadas ocurren durante exploración visual normal, si la 
dinámica de esos movimientos cambia dependiendo de la tarea y el estimulo visual, y si las 
sacadas y las microsacadas muestran características comunes a favor de la hipótesis de un 
mismo mecanismo ocolumotor generando ambos movimientos. En el segundo estudio desa-
fiamos la visión clásica que separa como dos comportamientos diferentes la fijación y la ex-
ploración. En cambio, probamos un modelo alternativo en el que fijación es equivalente a ex-
ploración a una escala reducida. 
En el primer estudio investigamos los movimientos oculares de sujetos mientras manten-
ían su mirada fija en un punto o exploraban libremente varios tipos de imágenes. Nuestros 
resultados muestran que el mínimo intervalo de tiempo entre dos sacadas (periodo refractario) 
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es equivalente al mínimo intervalo de tiempo entre dos microsacadas. Además este intervalo 
también es el mismo en combinaciones sacada-microsacada y microsacada-sacada. Este resul-
tado sugiere que el sistema neuronal que se encarga de controlar la iniciación de sacadas debe 
ser común con el que se encarga de la iniciación de microsacadas. 
Además, encontramos que sacadas del tamaño de microsacadas ocurren durante explora-
ción visual y que eran más comunes en tareas que requieren un esfuerzo mayor y un estimulo 
visual con más información (comparando una tarea de buscar a Wally con una exploración de 
imágenes naturales). Además, la exploración de pantallas en blanco, sin ningún estímulo vi-
sual resultó en periodos de fijación largos y frecuencias de microsacadas muy bajas. 
Aunque nuestros resultados y muchos otros favorecen la teoría de un origen común para 
microsacadas y sacadas todavía hay diferencias inexplicadas que sugieren que puedan ser 
movimientos diferentes y que mantienen la distinción entre fijación y exploración como dos 
comportamientos fundamentalmente diferentes. Específicamente, la frecuencia típica de saca-
das durante exploración es de tres por segundo mientras que la de microsacadas durante fija-
ción es solamente de una por segundo. 
La solución que proponemos es que fijación y exploración no son comportamientos dife-
rentes, si no que  representan una continuidad en la que las sacadas escanean escenas visuales 
de cualquier tamaño, aunque sean muy pequeñas. Es decir, fijación visual ocurre en casos en 
los que queremos escanear regiones minúsculas del espacio visual, de la misma manera que 
exploración visual clásica sirve para escanear regiones de mayor tamaño. Para explicar la di-
ferencia en frecuencia de microsacadas y sacadas sugerimos que el número de sacadas en ge-
neral (ya sean microsacadas o sacadas) depende del tamaño del área visual a explorar. Cuando 
el área es pequeña la frecuencia es menor. 
Los resultados de nuestro segundo estudio muestran que así es. En el experimento, suje-
tos observaban imágines de diferentes tamaños o mantenían su mirada fija en un punto. La 
frecuencia de sacadas (sin usar ninguna distinción de tamaño) disminuye progresivamente a 
medida que el área de la imagen disminuye. Además, para imágenes muy pequeñas la fre-
cuencia es equivalente a la de fijación. 
En definitiva, nuestros resultados sugieren que el sistema oculomotor humano está conti-
nuamente explorando la escena visual, escaneando objetos de cualquier dimensión, y que la 
dimensión del objeto determina el tamaño y la frecuencia de las sacadas. Cuando observamos 
cosas pequeñas, nuestro sistema oculomotor lo escanea con sacadas pequeñas y poco frecuen-
tes, en cambio, si observamos objetos más grandes el sistema oculomotor utiliza sacadas de 
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mayor magnitud y más frecuentes. Esta nueva interpretación teórica clarifica, además, resul-
tados previos que parecían contradictorios. Por ejemplo, el hecho de que la frecuencia de mi-
crosacadas se reduzca drásticamente en tareas que requieren alta precisión es simplemente el 
resultado de que los sujetos reduzcan al máximo su área efectiva de exploración (Ko, Poletti, 
& Rucci, 2010). 
Movimientos sacádicos durante fijación visual en pacientes 
neurológicos 
El sistema oculomotor debe calibrar cuanto se mueven los ojos durante fijación. Muy 
poco movimiento puede causar desvanecimiento visual y demasiado movimiento produce 
visión borrosa e inestable. Movimientos oculares de fijación inapropiados pueden desestabili-
zar este balance delicado. Aquí hemos estudiado las sacadas que ocurren durante fijación en 
sujetos sanos y pacientes con síndromes parkinsonianos y ataxia recesiva. Determinar las di-
ferencias en los movimientos oculares de fijación puede ayudar en el diagnóstico diferencial 
temprano de enfermedades neurológicas y en la cuantificación del su progreso y respuesta a 
tratamientos. 
Durante fijación visual los ojos están continuamente en movimiento: microsacadas, deri-
va y temblor cambian continuamente la posición de la mirada (Martinez-Conde et al., 2004, 
2009). Además, la mayoría de los sujetos también presentan “intrusiones sacádicas”, que son 
sacadas predominantemente horizontales que interrumpen la fijación. Los movimientos de 
onda cuadrada (Square-wave jerks, SWJs) son el tipo más común de intrusión sacádica, con 
una frecuencia típica de un SWJs cada segundo o cada tres segundos en sujetos sanos (Abadi 
& Gowen, 2004; Fletcher & Sharpe, 1986). Cada SWJ consiste de una sacada horizontal que 
aleja al ojo del punto de fijación, seguida de otra sacada después de un intervalo de tiempo 
corto que corrige la posición y mueve el ojo hacia el punto de fijación (Figure 3-1). 
Altas frecuencias de SWJs son características de algunas enfermedades neurológicas 
como la parálisis supranuclear progresiva (PSP) y las ataxias recesivas (Fahey et al., 2008; 
Leigh & Zee, 2006; Troost & Daroff, 1977). Por ello, los SWJs y en general las intrusiones 
sacádicas y los movimientos de fijación visual son de interés para el neurólogo. 
Típicamente las microsacadas y los SWJs se han considerado diferentes fenómenos ocu-
lomotor debido a algunas aparentes disimilitudes. Por ejemplo, las microsacadas suelen ser 
más pequeñas que los SWJ y a veces son oblicuas o verticales, mientras que los SWJ son 
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normalmente horizontales. Además, estudios de SWJs se han centrado en pacientes neuroló-
gicos, mientras que las investigación en microsacadas se ha centrado a sujetos sanos. A pesar 
de estas aparentes diferencias, estudios previos indicaron que microsacadas de un tamaño 
grande (más de 15-30 minutos de arco) suelen producir emparejamiento en onda cuadrada 
(Ditchburn & Ginsborg, 1953; Feldon & Langston, 1977; Vedel-Jensen, 1966, p. -; Yamaza-
ki, 1968). SWJs y microsacadas muestran otras similitudes. Por ejemplo, ambos siguen la re-
lación entre magnitud y velocidad de pico típica de las sacadas y ambos son afectados por 
cambios de atención (Gowen, Abadi, & Poliakoff, 2005; Hafed & Clark, 2002). Gowen et 
al.(Gowen, Abadi, Poliakoff, Hansen, & Miall, 2007) sugirieron que las intrusiones sacádicas 
y las microsacadas pueden pertenecer a una misma familia de movimientos de fijación 
sacádicos o incluso que podrían ser dos nombres asignados al mismo tipo de movimiento. 
Finalmente, sugirieron que futuros estudios deberían investigar si las microsacadas muestran 
una correlación entre tamaño y probabilidad de emparejamiento en onda cuadrada. Parte del 
trabajo de esta tesis ha sido mostrar esta correlación. 
Aquí, hemos estudiado pacientes afectados de parálisis supranuclear progresiva (PSP), 
enfermedad de Parkinson (PD), atrofia multisistémica (MSA), síndrome corticobasal (CBS) y 
una forma de ataxia espinocerebelar recesiva. Nuestros objetivos eran tres: (1) desarrollar un 
método para la detección automática y objetiva de los movimientos de onda cuadrada (SWJs), 
(2) determinar si un mismo mecanismo oculomotor puede explicar la generación de microsa-
cadas e intrusiones sacádicas (especialmente SWJs) en un amplio espectro de desordenes de 
movimiento y, (3)  encontrar características de los movimientos oculares de fijación que pue-
dan ayudar al diagnóstico de cada condición. 
Nuestros resultados muestran evidencias a favor de la hipótesis de que las microsacadas 
y las intrusiones sacádicas (como los SWJS) son movimientos equivalentes tanto en sujetos 
sanos como en pacientes neurológicos. En todos los grupos de sujetos, independientemente de 
la enfermedad, microsacadas de mayor amplitud formaban parte de SWJs con mayor probabi-
lidad que microsacadas más pequeñas. Además, el intervalo de tiempo entre la primera sacada 
del SWJ y la segunda era equivalente para todos los grupos. 
Además, hemos encontrado que las propiedades de las microsacadas ayudan a distinguir 
entre sujetos sanos, pacientes con PSP y pacientes con PD.  En general, un sujeto que muestre 
microsacadas con una componente vertical muy pequeña y una velocidad lenta es probable 
que sufra PSP. Si en cambio el paciente muestra microsacadas con dirección, magnitud y ve-
locidad normales pero una frecuencia mayor de lo normal, es posible que sufra de PD. 
Resumen en español xix 
 
Simulación del circuito  de generación de microsacadas 
Una función principal del sistema oculomotor es decidir en todo momento si debe iniciar 
una sacada o no. Incluso durante fijación, como hemos visto, este sistema está activo y, debi-
do a fluctuaciones de actividad neuronal, inicia microsacadas una o dos veces por segundo. 
Diversas aéreas del cerebro están involucradas en la generación de los movimientos 
sacádicos (Munoz & Everling, 2004; Scudder, Kaneko, & Fuchs, 2002; Sparks, 2002). Estás 
áreas pueden ser agrupadas en tres categorías según su función: selección de objeto, ejecución 
de la sacada y calibración del sistema. Para seleccionar el objeto el Colículo Superior (Supe-
rior Colliculus, SC) integra información multisensorial para producir movimientos volunta-
rios o reflejos dirigidos a estímulos auditorios, visuales, somatosensoriales o incluso recuer-
dos. Para ejecutar la sacada el Generador de Ráfaga (Burst Generator, BG) en el tronco cere-
bral recibe el comando del SC y genera la señal motora hacia los músculos que mueven los 
ojos la cantidad adecuada para alcanzar el objeto deseado. Para calibrar las sacadas, el cerebe-
lo proporciona un circuito en paralelo que asegura que la sacada sea precisa corrigiendo por 
variación aleatoria o deriva lenta debido a la fatiga (Prsa, Dicke, & Thier, 2010). Para explicar 
como el sistema sacádico puede genera microsacadas nos enfocaremos en la parte final del 
circuito, común para todos los tipos de sacadas, el SC y el BG. Además, actividad en estas 
áreas ya ha sido registrada en relación a microsacadas.  
El SC recibe señales excitatorias de los campos oculares frontales (frontal eye fields, 
FEF), parietales y suplementarios y señales inhibitorias de los ganglios basales. Además reci-
be señales directamente del sistema visual y otros sistemas sensoriales. Toda esta información 
es combinada en un mapa retinotópico bidimensional que codifica la posición del objeto vi-
sual deseado (error de fijación). Tradicionalmente el SC se ha dividido en dos zonas, la zona 
rostral de fijación, con neuronas que se desactivan durante las sacadas y la zona caudal de 
sacadas, con neuronas que se activan durante las sacadas. Según los estudios tradicionales las 
neuronas de la zona de fijación se encargan de suprimir la generación de sacadas. Estudios 
recientes han desafiado esta visión, interpretando el SC como un mapa continuo de error de 
posición (Hafed, Goffart, & Krauzlis, 2009; Krauzlis, Basso, & Wurtz, 1997), en el que la 
actividad de las neuronas en la zona de fijación representa errores pequeños. Esta situación 
genera la paradoja, ¿cómo pueden al mismo tiempo las neuronas de la zona de fijación gene-
rar y suprimir sacadas? 
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Una sacada, ocurre cuando las neuronas premotoras de ráfaga (BNs) en la formación re-
ticular se activan. Otro grupo de neuronas en la formación reticualar, llamadas neuronas om-
nipause (OPNs), presentan una actividad constante durante fijación pero paran completamente 
durante los movimientos sacádicos. Se sabe que las OPNs inhiben la activación de las BNs y 
por lo tanto se cree que pueden tener un papel en controlar la iniciación de las sacadas. 
Además, las BNs inhiben a las OPNs durante la sacada para evitar que la sacada sea inte-
rrumpida. 
Aquí hemos implementado un modelo que puede proporcionar una explicación la para-
doja de las neuronas de fijación. En el modelo, el circuito formado por el colículo superior, 
las BNs y las OPNs se encarga de generar la condición de iniciación de las sacadas. El colícu-
lo superior envía proyecciones a ambos grupos de neuronas, la proyección hacia las OPNs es 
más fuerte desde la zona rostral y la proyección a las BNs es más fuerte desde la zona caudal. 
Durante fijación la actividad del colículo está centrada en la zona rostral y por lo tanto activa 
a las OPNs que a su vez inhiben a las BNs. Debido a fluctuaciones aleatorias, la actividad del 
colículo cambia y puede incrementar la señal que envía a las BNs y/o reducir la que envía a 
las OPNs. En algún momento este cambio produce que la actividad de las BNs sea suficiente 
como para inhibir las OPNs y la sacada se inicia. 
Nuestro modelo, simula la generación de microsacadas durante fijación en el sistema 
oculomotor normal y también en el caso de ciertas enfermedades. Además, también simula el 
comportamiento que sigue a ciertas lesiones experimentales. 
Nuevo método para la detección de microsacadas 
El desarrollo de métodos de detección automática de microsacadas ha permitido una ex-
plosión en la cantidad de estudios que investigan diferentes aspectos relacionados con estos 
movimientos oculares. De todos modos, como las microsaccades son movimientos oculares 
muy pequeños supone un desafío obtener una detección automática y de calidad consistente. 
Los métodos usados en la actualidad presentan problemas como la necesidad de indicar un 
valor arbitrario para un umbral de detección o la falta total de una validación objetiva de los 
resultados. Aquí hemos desarrollado un nuevo método para detectar microsacadas basado en 
técnicas de detección no supervisada que no requiere un umbral arbitrario y además produce 
un índice de la calidad del resultado.  
Nuestro método tiene dos etapas fundamentales. En la primera detectamos un conjunto 
de eventos candidatos a ser microsacadas. Este conjunto incluye necesariamente todas (o un 
Resumen en español xxi 
 
gran porcentaje) las microsacadas reales y un número limitado de eventos no microsacádicos. 
Como la frecuencia de microsacadas presenta un rango limitado. En nuestro método elegimos 
una frecuencia constante de eventos candidatos y así nos aseguramos tener una buena repre-
sentación de los dos grupos. En la segunda etapa aplicamos un método de clasificación basa-
do en clústeres que separa el conjunto de candidatos en los dos grupos automáticamente. 
Hemos validado el método usando datos reales y simulados y comparándolo con el 
método más utilizado en la actualidad. Nuestros resultados muestran que el nuevo método 
reduce la frecuencia de errores en un 62% cuando usamos datos binoculares y en un 77% 
usando datos monoculares. También hemos determinado que nuestro índice de calidad es un 
buen predictor de la frecuencia de errores y sugerimos que puede ser usado como un método 
estándar en la evaluación de dispositivos para el registro de movimientos oculares. 
Conclusiones 
Hemos mostrado que las microsacadas que ocurren durante fijación forman una conti-
nuidad con las sacadas de exploración, que esencialmente son el mismo tipo de movimiento 
ocular. No se pueden distinguir según ninguna característica e incluso la clásica definición de 
microsacadas como "sacadas que ocurren mientras se intenta mantener la mirada fija" puede 
que sea artificial y que la fijación sea equivalente a la exploración de un área muy pequeña. 
Basándonos en estos resultados hemos propuesto e implementado un modelo para la ini-
ciación de sacadas y microsacadas como resultado de fluctuaciones de actividad neuronal en 
el colículo superior. El sistema oculomotor tiene que, continuamente, decidir si es momento 
de iniciar una sacada o no. Por ello, incluso cuando intentamos mantener la mirada fija, el 
sistema inicia microsacadas de vez en cuando debido a estas fluctuaciones. Este modelo tam-
bién explica algunos tipos de movimientos de fijación anormales que ocurren en pacientes 
afectados con enfermedades neurológicas. 
Científicos han discutido durante décadas sobre la función de las microsacadas. Incluso, 
han sido designadas como un "misterio de la evolución". ¿Qué nueva luz arrojan nuestros re-
sultados para responder esta pregunta? Aquí, nos hemos enfocado en el sistema que genera 
tanto microsacadas como sacadas. Por ello, tiene sentido hacernos la pregunta de qué tendría 
que ser diferente en dicho sistema para que no produjese microsacadas y, que beneficios y 
consecuencias tendrían estas diferencias. 
Primero, es importante comentar que realmente no hay ninguna buena razón para justifi-
car que sería conveniente no tener microsacadas. Microsacadas son beneficiosas en algunas 
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situaciones (Ko et al., 2010; Martinez-Conde et al., 2006) e incluso si no lo son tampoco son 
perjudiciales (Kowler & Steinman, 1979). Por lo tanto, no habría ningún beneficio en no tener 
microsacadas durante fijación. ¿Qué ocurre con las consecuencias? 
El sistema oculomotor tiene que continuamente decidir si es el momento de iniciar una 
sacada o no basándose en información sensorial. Esta información es necesariamente ruidosa 
y por lo tanto, incluso si nuestra intención es no hacer ninguna sacada y mantener nuestra mi-
rada quieta, el sistema decidirá de tanto en tanto iniciar una microsacada debido a este ruido. 
Aquí discutimos dos posibles esquemas de cómo podría funcionar este sistema para no produ-
cir microsacadas durante fijación. 
Una posibilidad sería que el sistema de generación de sacadas se pudiese desactivar por 
completo durante fijación y que ninguna sacada pueda ser iniciada debido a ninguna fluctua-
ción de actividad. Sin embargo, nuestro sistema necesita estar listo continuamente para reac-
cionar de manera refleja hacia estímulos que puedan ser relevantes o incluso representar ame-
nazas. Por ello, esta desactivación completa dificultaría nuestra capacidad para redirigir nues-
tra mirada rápidamente hacia importantes estímulos. 
Otra posibilidad sería que el sistema no fuese sensible a fluctuaciones del tamaño de las 
que ocurren durante fijación y que solamente cambios de actividad grandes debidos a inten-
ciones voluntarias pudiesen iniciar una sacada. Contrariamente, somos capaces de producir 
sacadas voluntariamente del tamaño de las microsacadas y es posible que estas pequeñas sa-
cadas sean útiles para escanear el detalle de las imágenes, especialmente en especies con fo-
vea. Tener un sistema que funcionase de esa manera podría resultar en la supresión de sacadas 
que son de utilidad y que deben corregir por pequeños errores de posición. 
Aquí propones que no hay ninguna buena razón para que el sistema oculomotor funcio-
nase de alguna manera que no produzca microsacadas. Las microsacadas son beneficiosas y 
las modificaciones necesarias para no producirlas tendrían consecuencias perjudiciales en el 
comportamiento normal de las sacadas. El sistema sacádico en los humanos ha evolucionado 
para ser capaz de reaccionar rápido y para corregir pequeños errores de posición y utilizar 
eficazmente nuestras pequeñas foveas.  
Los resultados de esta tesis muestran que el sistema sacádico está siempre activo. Siem-
pre estamos escaneando nuestro entorno, observamos objetos pero nunca realmente fijamos la 
mirada (Gibson, 1986). 
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Introduction 
Our eyes are never still. We continuously scan the world with a succession of quick eye 
movements, called saccades, interleaved with periods of relative stability. Even when we at-
tempt to fix our gaze looking at small target, small ocular motions — generally undetectable 
to the naked eye — keep shifting our eye position. Scientists discovered these tiny fixational 
eye movements in the beginning of the twentieth century. Since then they strived to identify 
the roles served by the three types of fixational eye movements: microsaccades, drift and 
tremor. Much of the research, and ensuing debate, focused on microsaccades — small quick 
eye movements produced 1–2 times per second during fixation. Multiple roles have been at-
tributed to microsaccades but the debate about their function and their generation mechanisms 
still continues.  
Here we study the hypothesis of a microsaccade–saccade continuum, which is sustained 
by evidence that saccades of all sizes including microsaccades share kinematic properties and 
neural substrate. The proposal that microsaccades and saccades are the same type of eye 
movement has theoretical and practical implications. It simultaneously expands and places 
limits on the functional roles of microsaccades, and it helps to dispel the once popular notion 
that microsaccades should have one fundamental purpose versus another.  
The continuum from microsaccades to saccades may extend to ‘saccadic intrusions’ — 
that is, saccades that intrude or interrupt accurate fixation — which are prevalent in various 
neurological disorders. A functional continuum spanning microsaccades, saccades and sac-
cadic intrusions offers testable predictions that are significant not only to healthy vision and 
oculomotor control but also to the diagnosis and the understanding of neural disease. 
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The precise neural mechanism that triggers microsaccades is unclear. Based on the idea 
of a microsaccade-continuum and building on the accumulated knowledge of the oculomotor 
system and saccade generation we have proposed a circuit and a mechanism for microsaccade 
triggering. Implementing a model of this mechanism we were able to simulate the results of 
recent studies and also the possible effects of some pathologies. 
The work presented in this thesis has also contributed with the development of new eye 
movement analysis tools. Microsaccades are very small eye movements and their automatic 
detection is challenging. Current methods present problems like the need to set an arbitrary 
threshold and the lack of an objective validation. Here we describe a new method for detect-
ing microsaccades based on unsupervised classification techniques that does not require an 
arbitrary threshold and provides an index that could be used as an standard method to evaluate 
the precision of eye tracking devices. We have also developed a method to automatically de-
tect Square-Wave Jerks (the most common type of saccadic intrusion) from normal subjects 
and neurological patients.  
In chapter 1 we introduce fixational eye movements focusing on microsaccades, their 
characteristics and possible functions. In chapter 2 we describe the neural circuits involved in 
microsaccade generation and the specific triggering mechanism we propose. Chapter 3 shows 
the results of experimental results supporting the microsaccade–saccade continuum a the pro-
posal of a new framework where attempted fixation is equivalent to exploration at a small 
scale. In chapter 4 we study the fixational eye movements of patients with multiple neurologi-
cal disorders and healthy controls to establish the common an distinctive characteristics of 
microsaccades and square-wave-jerks in the different populations. Chapter 5 presents the re-
sults of simulations of the model for microsaccade and saccade triggering. In chapter 6 we 
describe the new method for automatic microsaccade detection. Finally we summarize the 
results of the thesis and discuss the conclusions in chapter 7. Most of the work presented here 
has been published in international peer-reviewed journals or is currently submitted for publi-
cation. 
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Chapter 1  
Eye movements during 
attempted fixation 
Why do we move our eyes? Originally, eye movements evolved to compensate for head 
and body motion keeping the image stable in the retina (Walls, 1962). Indeed, retinal motion 
degrades visual perception (Burr & Ross, 1982). As species perfected the mechanisms to keep 
the image stable they also evolved retinas with higher density of photoreceptors able to obtain 
a more detailed view of the world. However, physical limitations set an upper bound on the 
total number of photoreceptors in the eye. The solution evolved by many species including 
humans was to have a limited region of the retina with as many photoreceptors as possible, 
the fovea, surrounded by an area with lower density. This limitation brought the need for a 
new type of eye movement (saccades) that move this high resolution area around the different 
parts of the scene (Leigh & Zee, 2006), to create the illusion that we can see the whole scene 
with high detail. Because, perception is better when the image is stable, the shifts in eye posi-
tions are very fast and are interleaved with periods of relative stability. The function and evo-
lutionary purpose of saccades is clear, however, it has been a matter of debate for decades 
why our eyes keep moving even while attempting to maintain our gaze fixed.  
The first experimental report of the existence of fixational eye movements comes from 
Robert Darwin (Darwin & Darwin, 1786) who noticed the continuous motion of afterimages, 
Figure 1-1 shows a demonstration of this phenomenon (Verheijen, 1961). The development of 
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eye movement recording techniques allowed for the characterization of fixational eye move-
ments and the discovery of the three types now commonly accepted: microsaccades, drifts and 
tremor (Barlow, 1952; Ditchburn & Ginsborg, 1953; Dodge, 1907; Ratliff & Riggs, 1950).  
 
Figure 1-1 Seeing your own fixational eye movements 
Look at the black dot and attempt to maintain your gaze as still as possible. After 30 seconds approxi-
mately move your eyes and look at the white spot. You should see a dark grid pattern constantly mov-
ing. 
Tremor is a very small wave-like motion with frequencies of around 90 Hz and ampli-
tudes between 0.1 and 0.5 minutes of arc (Adler & Fliegelman, 1934; Ratliff & Riggs, 1950). 
Tremor is typically two small to record with most eye tracking system because it is below the 
level of noise. Drift occurs continuously in the periods between microsaccades and in over-
lapped with tremor. Even though they seem very erratic they can correct the fixation position 
in the absence of microsaccades (Nachmias, 1961; St.Cyr & Fender, 1969). 
Microsaccades are small quick shifts in eye position that occur once or twice per second. 
They are typically binocular eye movements and may show a vergence component (Van Horn 
 
Eye movements during attempted fixation 6 
 
 
& Cullen, 2012). The magnitude of microsaccades varies a lot from subject to subject but typ-
ically they are smaller than 30 minutes of arc (Rolfs, 2009). Until the 1990s, microsaccades 
were defined as having amplitudes smaller than 12 arc min. This cut-off value originated in 
earlier studies finding that the distribution of saccadic sizes during fixation declined sharply 
around 12 arc min (Collewijn & Kowler, 2008). However, later studies found that 
microsaccade sizes frequently exceed this value (Engbert & Mergenthaler, 2006; Rolfs, 2009) 
(instead, current microsaccade magnitude distributions often asymptote around 1 degree 
(Martinez-Conde et al., 2009)). Thus, most contemporary researchers have adopted the con-
vention of using a 1-degree upper magnitude threshold (which captures more than 90% of 
saccades produced during attempted fixation)(Martinez-Conde et al., 2009; Otero-Millan et 
al., 2008a). 
 
Figure 1-2 Fixational eye movements 
Cartoon representation of eye movements and their relative size compared with photoreceptors (back-
ground grid). Microsaccades are fast mostly-straight movements. Slow drift and fast and small tremor 
overlap in the periods between microsaccades. From (Pritchard, 1961). 
1.1 What are the functions of microsaccades? 
Since the discovery of microsaccades a fervent debate has persisted over their im-
portance (or lack thereof) (Collewijn & Kowler, 2008; Ditchburn, 1980). The dispute halted 
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with an influential paper asserting that microsaccades “serve no useful purpose” (Kowler & 
Steinman, 1980). Recent research has revived the interest in microsaccades and suggests that 
they might serve various visual functions. 
 
Figure 1-3 Perceptual effects of microsaccades 
A) Microsaccades counteract perceptual fading. Fixate at the red dot very carefully and you will notice 
that the blue ring disappears. Microsaccade will restore the visibility of the ring from time to time. B) 
Microsaccades trigger illusory motion (Otero-Millan et al., 2012). 
Microsaccades counteract foveal and peripheral fading. In the early 2000s, neurophysio-
logical experiments showed microsaccade-triggered activity in primate visual neurons 
(Macknik et al., 2000; Martinez-Conde et al., 2002), but evidence that microsaccades had a 
perceptual effect was lacking (Martinez-Conde et al., 2004). In experiments to address this, 
A
B
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subjects reported the visibility of peripheral and parafoveal targets that faded and intensified 
perceptually during fixation (Martinez-Conde et al., 2006). See Figure 1-3. Microsaccade on-
sets led to visual restoration of faded targets, establishing a potentially causal relationship be-
tween microsaccades and visibility. Subsequent studies extended these conclusions to other 
fading paradigms (Hsieh & Tse, 2009; Troncoso, Macknik, & Martinez-Conde, 2008a) and 
connected microsaccades to perceptual transitions in binocular rivalry (Van Dam & Van Ee, 
2006) and illusory motion (Otero-Millan et al., 2012; Troncoso et al., 2008b).  
Microsaccades correct fixation position. Microsaccadic involvement in the control and 
correction of fixation position has been controversial for over 50 years (Martinez-Conde et 
al., 2004; Rolfs, 2009). It was originally proposed that microsaccades serve to re-foveate the 
target after intersaccadic drifts (Cornsweet, 1956), but this idea was subsequently challenged. 
By the end of the 1970s, most of the field disregarded a potential role of microsaccades in the 
control of fixation position, while concluding that drift (also called slow control) served that 
very purpose (Steinman et al., 1973). This notion remained uncontested until the early 2000s, 
when new analyses indicated that microsaccades both introduce (on a short timescale) and 
correct (on a longer timescale) fixation errors (Engbert & Kliegl, 2004).  
Microsaccades as an optimal sampling strategy. Saccades and microsaccades might re-
flect an optimal sampling strategy by which the visual system discretely acquires information 
(Martinez-Conde et al., 2004). A patient who could not move her eyes was found to produce 
head saccades with similar characteristics to eye saccades. The patient could perform compli-
cated visuomotor tasks, such as making a cup of tea, without difficulty. The findings suggest-
ed that saccadic sampling might be a superior strategy to smooth visual scanning (Gilchrist et 
al., 1997, 1998). Microsaccades evoke transient responses in visual neurons (Martinez-Conde 
et al., 2013), with or without sustained firing during intersaccadic periods. Transient 
oculomotor events (including microsaccades, saccades and blinks) rather than continuous drift 
triggered illusory motion in a static pattern (Otero-Millan et al., 2012), perhaps because neural 
responses to transient stimuli are stronger than those to drifting stimuli (Williams & Shapley, 
2007). Discrete temporal sampling might be an optimal strategy for information processing 
across sensory systems. Rodent sniffs sample olfactory information every 200–300 ms 
(Uchida et al., 2006); thus, they exhibit similar time dynamics to primate saccades and 
microsaccades (Otero-Millan et al., 2008a). Discrete sensory sampling might speed up infor-
mation processing and therefore could be evolutionarily advantageous (Uchida et al., 2006).  
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Microsaccade research has been hampered by attempts to determine the ‘purpose’ of 
microsaccades (Kowler & Steinman, 1980), as well as their ‘accidental’ (that is, incidental or 
epiphenomenal) versus ‘fundamental’ roles in vision (Nachmias, 1961; Poletti & Rucci, 
2010). One argument has been that for A (microsaccades) to have a fundamental effect on B 
(visibility), A must not only cause B, but the absence of B (that is, fading) must also cause A. 
Thus, upon finding that microsaccade production did not increase after fading, a recent study 
concluded that restoring faded vision is not a fundamental role of microsaccades (Poletti & 
Rucci, 2010). The lack of a mechanism to trigger microsaccades in response to fading does 
not disprove that microsaccades restore faded vision during fixation. The truth is that neither 
A causing B and/or the absence of B causing A proves or disproves if the function is funda-
mental or not. 
    10 
Chapter 2  
Neural basis of microsaccade 
generation 
Mounting evidence, including the work presented in this thesis, suggests that 
microsaccades are generated by the same neural mechanisms that produce voluntary saccades 
(Haddad & Steinman, 1973; Hafed, 2011; Martinez-Conde et al., 2009; Otero-Millan et al., 
2011b, 2008a; Rolfs, Kliegl, & Engbert, 2008a), but the precise circuit and mechanism that 
trigger microsaccades remain a mystery. Here we review previous studies of the neural mech-
anisms generating saccades and microsaccades and we propose a neural circuit model that 
explains how saccades and microsaccades are triggered in the oculomotor system. Most of the 
content of this chapter has been already published (Otero-Millan, Macknik, Serra, Leigh, & 
Martinez-Conde, 2011a). 
What triggers a microsaccades? We think there are three possible signals that could trig-
ger microsaccades. First, a motor error signal could trigger microsaccades to foveate the tar-
get in response to a fixation error (Cornsweet, 1956). Second, spontaneous fluctuations of 
neural activity could trigger microsaccades at random times (Rolfs et al., 2008a). Third, insuf-
ficient image motion on the retina could trigger microsaccades to counteract visual adaptation 
and fading (Engbert & Mergenthaler, 2006).  
These three possibilities -- fixation error, neural noise, and insufficient retinal motion -- 
may not be mutually exclusive. Indeed, the published evidence (Cornsweet, 1956; Guerrasio, 
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Quinet, Buttner, & Goffart, 2010; Otero-Millan et al., 2011b) supports a combined role of 
both fixation error and neural noise in triggering microsaccades, and further suggests that the 
contribution of each signal depends on the magnitude of the fixation error. For example, if a 
subject’s gaze deviates from the visual target by a large error (i.e. about 0.5 degrees or more, 
due to drift, microsaccades, or other eye movements), corrective microsaccades bring the fo-
vea back to the target (Cornsweet, 1956; Otero-Millan et al., 2011b) . If the fixation error is 
small or insignificant, neural noise may instead trigger microsaccades, albeit with longer 
intersaccadic intervals and random directions and magnitudes (Otero-Millan et al., 2011b). If 
the amount of fixation error is intermediate, neural noise may add to it to trigger 
microsaccades that are corrective on average, though more variable in direction than with 
large fixation errors (Guerrasio et al., 2010). 
Despite recent studies showing that microsaccades counteract visual fading and improve 
visibility during attempted fixation (Hsieh & Tse, 2009; Martinez-Conde et al., 2006; 
Troncoso et al., 2008a), the data supporting the hypothesis that insufficient retinal motion 
and/or visual adaptation may trigger microsaccades are less conclusive (Engbert & Mer-
genthaler, 2006; Haddad & Steinman, 1973; Ko et al., 2010).  
2.1 The saccadic system 
Many brain areas are involved in saccade generation (Munoz & Everling, 2004; Scudder 
et al., 2002; Sparks, 2002). We categorize them according to three functions: target selection, 
saccade execution and saccade calibration. To select the target, the SC integrates multisensory 
inputs to produce voluntary or reflexive saccades directed to visual, auditory, somatosensory, 
or remembered targets. To execute the saccade, the Burst Generator (BG) in the brainstem 
receives a saccadic command from the SC and generates a motor signal to the eye muscles to 
move the eye to the appropriate target. To calibrate the saccade, the cerebellum provides a 
parallel feedforward pathway that ensures saccade accuracy by correcting for inter-trial varia-
bility as well as long-term drifts or slow changes in gain, for example, due to fatigue (Prsa et 
al., 2010). To explain how the saccadic system triggers microsaccades we will focus on the 
final common pathways for all saccades, the SC and the BG (Figure 2-1). We note that the 
cerebellum may play a role as well, given that saccadic intrusions disrupt fixation in cerebel-
lar disorders (Serra, Liao, Martinez-Conde, Optican, & Leigh, 2008). 
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Figure 2-1 Saccadic system 
Main brain areas implicated in the generation of saccades. Cortical areas (orange) related to the volun-
tary control of gaze include: the lateral intraparietal area (LIP), frontal eye fields (FEF), supplementary 
eye fields (SEF) and the dorsolateral prefrontal cortex (DLPFC). Basal ganglia are shown in blue; the 
caudate nucleus (CN) receives a projection from the FEF. The substantia nigra pars reticulata (SNPR) 
inhibits the superior colliculus (SC) to avoid unwanted eye movements and to control the initiation of 
saccades. Areas of the brainstem are shown in green; the SC projects to the reticular formation (RF) to 
produce the final motor command. Areas of the cerebellum are shown in red; the oculomotor vermis 
(OV) and the fastigial oculomotor region (FOR) provide a feedback loop to control saccade accuracy. 
The SC receives excitatory inputs from the frontal eye fields (FEF), the parietal eye 
fields, and the supplementary eye fields, inhibitory inputs from the basal ganglia, and direct 
inputs from the visual and other sensory systems. All this information is combined into a two-
dimensional retinotopic map that encodes the position of the desired target (fixation error). 
Repeated microstimulation of the same location produces saccades of the same size and direc-
tion, according to a polar map (Robinson, 1972). The SC is divided traditionally into two are-
as, the rostral fixation zone, with neurons that are suppressed during saccades, and the caudal 
saccade zone, with neurons that activate during saccades. Recent studies have challenged this 
view, however, by modeling the SC as a continuous map of gaze position error (Hafed et al., 
2009; Krauzlis et al., 1997), in which the activity of neurons in the fixation zone represents 
small errors during fixation. 
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The BG neural network is responsible for transforming the spatially encoded saccadic 
command from the SC into a pulse-step, temporally encoded motor signal (Figure 2-2) to con-
tract or relax the eye muscles during a saccade, as follows: a) Burst neurons (BNs) in the re-
ticular formation fire strongly during saccades, producing a pulse of innervation to contract 
(excitatory BNs) or relax (inhibitory BNs) the corresponding eye muscles. b) The neural inte-
grator, a network distributed between the brainstem and cerebellum, integrates the pulse sig-
nal from the BNs; this integrated copy is referred to as the step of innervation. Motor neurons 
(MNs) combine the pulse of innervation and the step of innervation to generate the pulse-step 
signal. The pulse-step waveform insures high acceleration (pulse) at the begining of the sac-
cade to compensate for the viscous drag of the eye, and produces the necessary tension (step) 
to hold the eye at the new position once it reaches its target (Figure 2-2).  
 
Figure 2-2 The superior colliculus and the burst generator  
Left. Comparison of neural activity during horizontal saccades and microsaccades. Right. Saccade 
triggering circuit including the superior colliculus (SC) and the reticular formation (RF). 
Omnipause Neurons (OPNs), lying in the pontine raphe, fire at a fairly constant rate be-
tween saccades to inhibit the BNs; they cease their inhibitory discharge completely during 
saccades. The SC sends two complementary excitatory projections to OPNs and BNs. Rostral 
SC neurons send strong direct projections to OPNs (Büttner-Ennever, Horn, Henn, & Cohen, 
1999) and seem to be important for maintaining fixation. Caudal SC neurons project to BNs; 
this pathway seems important for saccade initiation (Miyashita & Hikosaka, 1996). During 
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saccades, BNs inhibit OPNs (Yoshida, Iwamoto, Chimoto, & Shimazu, 1999). At the end of 
saccades, OPNs resume discharge. We propose that the mutually inhibitory circuit between 
OPNs and BNs, driven by the SC, is a likely candidate for the mechanism that normally trig-
gers and suppresses saccades and microsaccades (Figure 2-4C). 
2.2 Activity of different brain areas during microsaccades 
Recent research has provided a good picture of how the various subsystems that control 
saccades may also serve to generate microsaccades (Figure 2-2). In each brain area examined 
to date, neural activity around saccades  has proven equivalent to that around microsaccades 
(Hafed, 2011), Van Gisbergen and colleagues found that BNs activate during saccades and 
microsaccades (Van Gisbergen, Robinson, & Gielen, 1981; Van Gisbergen & Robinson, 
1977). Brien et al. found that OPN activity modulates during microsaccades (Brien, Corneil, 
Fecteau, Bell, & Munoz, 2009), although whether it is completely suppressed, as during sac-
cades, or merely reduced, remains unclear (Brien et al., 2009; Van Horn & Cullen, 2012). 
Munoz and Wurtz found some SC rostral neurons as active for small saccades as caudal neu-
rons for large saccades (Munoz & Wurtz, 1993).  Hafed et al. further showed that neurons in 
the rostral SC fire strongly before microsaccades of specific sizes and directions, just as SC 
caudal neurons do before saccades (Hafed et al., 2009). The fastigial oculomotor region in the 
cerebellum also shows equivalent effects of inactivation for microsaccades and saccades 
(Guerrasio et al., 2010). 
It remains an open question whether higher cortical areas may show equivalent neural 
activities for microsaccades and saccades. No study has yet investigated the activity of the 
“fixation” zones in the FEF or the basal ganglia during microsaccades. The large movement 
fields of neurons in these areas is a potential hurdle to overcome in carrying out such experi-
ments (Izawa, Suzuki, & Shinoda, 2009). 
2.3 Microsaccade triggering 
Many quantitative models simulate saccade generation in the SC and BG (see (Girard & 
Berthoz, 2005) for a comprehensive review), but none have incorporated a specific mecha-
nism to simulate microsaccades. Most of them require external (i.e. originating outside the 
modeled circuits) executive commands to change eye position and initiate the saccade (Figure 
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2-3). The effects of neural noise on such “command signals” for saccades have not been stud-
ied in detail, however.  
 
Figure 2-3 Clasical models of the burst generator 
A) Model from Robinson (Robinson, 1973). B) Model by Jurgens et al. (Jürgens, Becker, & Korn-
huber, 1981). Both models have two inputs, one related to the desired position of the eye (aboslute in 
Robinson's model and relative in Jürgens's) and a second input that triggers the saccade. EBN: excita-
tory burst neuron. OPN: omnipause neuron. IBN: inhibitory burst neuron. TN: tonic neuron. MN: mo-
tor neuron. RI: resettable integrator. Dashed lines represent inhibitory connections and solid lines exci-
tatory ones. 
Two qualitative models for microsaccade generation have been proposed. Hafed and col-
leagues (Hafed et al., 2009; Hafed, 2011) based their model on physiological data, whereas 
Rolfs and colleagues (Rolfs et al., 2008a) based theirs on psychophysical data. Both models 
are built on the idea that microsaccades and saccades arise from a common motor map in the 
SC. Buildup neurons in the rostral SC encode foveal goal locations (small position errors) 
(Krauzlis et al., 1997) in both models. During maintained fixation the center of mass of this 
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activity fluctuates around the neurons encoding the center of gaze (zero). These fluctuations 
trigger microsaccades. 
Although the two models are similar, they differ in the precise physiological conditions 
that trigger microsaccades. Hafed et al. (Hafed et al., 2009; Hafed, 2011) propose an eccentri-
city threshold: a microsaccade is triggered when the location of the center of mass of activity 
in the SC map moves away from the center of gaze beyond a threshold distance. They hy-
pothesize that this threshold is implemented by OPNs, but they do not offer a specific mecha-
nism (Figure 2-4A). Rolfs et al.(Rolfs et al., 2008a) propose a firing rate threshold: a 
microsaccade is triggered when the firing rate at the center of mass of activity in the SC map 
exceeds a threshold amount. They also speculate that the activation of SC neurons encoding 
locations near the fovea is less likely to trigger a microsaccade than that of neurons encoding 
more peripheral locations, but they do not provide a mechanism (Figure 2-4B). 
 
Figure 2-4 Microsaccade triggering models 
A) Hafed et al.'s model: microsaccades are triggered when SC activity moves away from the center of 
mass beyond a threshold eccentricity (gray lines). Inspired by Ref. (Hafed et al., 2009). B) Rolfs et al.'s 
model: microsaccades are triggered when SC activity reaches a threshold firing rate (gray line). In-
spired by Ref. (Rolfs et al., 2008a). C) A novel model for microsaccade triggering based on the con-
nectivity between the SC and the OPNs and BNs. Neurons in the SC present two gradients of connec-
tivity, one that is strongest between rostral SC and OPNs, and one that is strongest between caudal SC 
and BNs (darker lines represent stronger connections). The mutually inhibited OPNs and BNs act as a 
trigger. During fixation, rostral activity drives the OPNs that inhibit the BNs. Directly preceding the 
launch of a (micro)saccade, rostral activity drops and caudal activity begins to grow. At some point the 
balance of inhibition is broken, and the BNs inhibit the OPNs more than the OPNs inhibit the BNs. 
Then the BNs start to burst and drive the BNs. 
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Chapter 5 presents an implementation of a model of the connectivity between the SC and 
the BG to reconcile these apparent contradictions. A circuit composed of OPNs and BNs, 
serves to trigger microsaccades without the need for a hypothetical threshold mechanism 
(Figure 2-4C). The key to this proposal is the balance of reciprocal inhibition between OPNs 
and BNs, modulated by the projections they both receive from the SC (Gandhi & Keller, 
1999; Paul & Gnadt, 2006). The rostral SC drives OPNs more strongly than BNs, whereas the 
caudal SC drives BNs more than OPNs. During fixation, the activity of the SC map is rela-
tively low and centered in the rostral area that represents the center of gaze. Therefore the 
OPNs are tonically active and keep the BNs inhibited. Due to random activity (neural noise) 
and/or fixation error, the center of the activity of the SC map may fluctuate around the loca-
tion that represents the center of gaze. This fluctuation will increase the input to the BNs 
and/or decrease the input to the OPNs. At some point, the input to the BNs will be high 
enough to overcome the inhibition coming from the OPNs. This will result in a small burst of 
activity in the BNs, triggering a microsaccade. This same mechanism will trigger large sac-
cades as well, though the burst of activity from BNs will be larger in magnitude and duration.  
    18 
Chapter 3  
An eye movement continuum 
from fixation to exploration 
During visual exploration, saccadic eye movements scan the scene for objects of interest.  
During attempted fixation, the eyes are relatively still but often produce microsaccades. In 
this chapter we show the results of two studies investigating the relationship between 
microsaccades and saccades. In the first study we set out to determine: 1) whether saccades of 
comparable size to microsaccades occur during free visual exploration, 2) whether their dy-
namics vary as a function of visual stimulation and viewing task, and 3) whether saccades and 
microsaccades share matching characteristics arguing in favor of a common saccade-
microsaccade oculomotor generator. In the second study we challenge the classic view that 
exploration and fixation are two distinct oculomotor behaviors. Instead, we test an alternative 
model in which visual fixation is functionally equivalent to visual exploration on a spatially 
focused scale. The results presented in this chapter are already published or accepted for pub-
lication at this time (Otero-Millan, Macknik, Langston, & Martinez-Conde, In press; Otero-
Millan et al., 2008a) 
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3.1 Saccades and microsaccades during visual fixation, 
exploration and search: foundations for a common saccadic 
generator 
Visual exploration and visual search are characterized by the alternation of saccades and 
fixation periods. However, fixation periods are defined arbitrarily because the eyes are never 
completely still (Ditchburn & Ginsborg, 1952, 1953; Martinez-Conde et al., 2004; Ratliff & 
Riggs, 1950; Riggs & Ratliff, 1952; Yarbus, 1967a). Fixational eye movements include trem-
or, drifts, and microsaccades, i.e. small involuntary saccades that occur during fixation. But 
microsaccades cannot be defined according to their magnitude alone, as exploratory or volun-
tary saccades can be the same size as microsaccades. Indeed, it is not possible to differentiate 
saccades from microsaccades according to any physical characteristic. For this reason, one 
cannot know whether a small-sized saccade constitutes a fixational microsaccade (and thus it 
is part of the fixation period), or an exploratory, non-fixational saccade. 
Much work has been done to address the descriptive parameters of saccades and 
microsaccades; see (Martinez-Conde et al., 2004) for a review of microsaccade characteris-
tics. However, little is known about the timing of microsaccades, and its interplay with the 
timing of saccades. Here we explore the spatiotemporal interactions of saccades and 
microsaccades during the presentation of naturalistic stimuli in visual exploration, visual 
search, and prolonged visual fixation. If microsaccades and saccades share both their spatial 
and temporal dynamics, it would support the notion that saccades and microsaccades share a 
common oculomotor basis. 
Mounting evidence points towards a unified neural generator of saccades and 
microsaccades. Zuber and Stark (Zuber, Stark, & Cook, 1965) originally found that 
microsaccades lie on the saccadic main sequence. Saccades and microsaccades are generally 
binocular and conjugate (Ditchburn & Ginsborg, 1953; Lord, 1951; Yarbus, 1967b), and both 
saccades and microsaccades are correlated to shifts in spatial attention (Engbert & Kliegl, 
2003; Engbert, 2006; Rolfs, Engbert, & Kliegl, 2004, 2005). Rolfs and colleagues (Rolfs, 
Laubrock, & Kliegl, 2006) recently examined the latency of voluntary saccades directed to a 
peripheral target as a function of preceding microsaccade rate. They found that saccadic la-
tency increased if microsaccades occurred up to 300 ms before the saccadic ‘go signal’. In a 
subsequent paper, Rolfs and colleagues (Rolfs et al., 2008a) proposed that microsaccades may 
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be generated in a motor map commonly coding for microsaccades and saccades in the superi-
or colliculus.  
Here we build on these results by determining the precise refractory periods between all 
pairwise combinations of microsaccades and saccades as a function of viewing condition and 
task. Our results show that saccades and microsaccades have comparable spatiotemporal 
characteristics in all visual tasks and viewing conditions tested, thus supporting the common 
generator hypothesis. 
3.1.1 Methods 
3.1.1.1 Subjects 
Eight subjects (6 females, 2 males) with normal or corrected-to-normal vision participat-
ed in this study. Each subject participated in 3 experimental sessions, of ~60 minutes each. 
Seven of the subjects were naïve (they were paid $15/session). Experiments were carried out 
under the guidelines of the Barrow Neurological Institute’s Institutional Review Board (pro-
tocol number 04BN039) and written informed consent was obtained from each participant. 
3.1.1.2 Experimental Design 
Subjects rested their head on a chin-rest, 57 cm from a linearized video monitor (Barco 
Reference Calibrator V, 75 Hz refresh rate). Eye position was acquired non-invasively with a 
fast video-based eye movement monitor (EyeLink II, SR Research, Ontario, Canada). The 
EyeLink II system records fixational eye movements simultaneously in both eyes (temporal 
resolution 500 samples/s; instrument noise 0.01 deg RMS), in its off-the-shelf configuration. 
We identified saccades and microsaccades automatically with an objective algorithm (see 
(Engbert & Kliegl, 2003) for details). Equivalent results were obtained with a different algo-
rithm (Martinez-Conde, Macknik, & Hubel, 2000; Martinez-Conde et al., 2002, 2006; Marti-
nez-Conde & Macknik, 2007; Martinez-Conde, 2006) (data not shown). To reduce the 
amount of potential noise (Engbert, 2006), we considered only binocular sac-
cades/microsaccades, that is, saccades/microsaccades with a minimum overlap of one data 
sample in both eyes (Engbert & Mergenthaler, 2006; Engbert, 2006; Laubrock, Engbert, & 
Kliegl, 2005; Rolfs et al., 2006; Troncoso et al., 2008a, 2008b). Additionally, we imposed a 
minimum intersaccadic interval of 20 ms so that potential overshoot corrections might not be 
categorized as new saccades/microsaccades (Møller, Laursen, Tygesen, & Sjølie, 2002; 
Troncoso et al., 2008b).  
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Figure 3-1 Monocular eye-position traces (45 s each) during typical free-viewing trials 
Different strategies can be observed for different combinations of visual stimuli and viewing task. The 
eye-position traces from only one eye have been plotted. The visual images are reproduced in low con-
trast, for clarity. A) Visual exploration of a blank (50% gray) scene is sluggish and uneven. The sub-
ject’s gaze tends to remain near the center of the screen. B) Visual exploration of a natural scene. Eye 
fixations concentrate on salient parts of the image (such as faces vs. non-faces, and foreground vs. 
background). C) Picture puzzle visual search. Large horizontal saccades are predominant, linking 
equivalent points in the two images. D) Where’s Waldo search task. Higher concentrations of fixations 
can be observed over identified targets (“Waldo” and “Wenda” characters). 
We tested 8 experimental conditions (4 fixation conditions and 4 free-viewing condi-
tions). In the fixation conditions, subjects had to fixate a red cross (0.75 degrees wide) on the 
center of the screen, within a 2 deg x 2 deg window. This window size produced loose fixa-
tion, typical of natural fixation behavior (Martinez-Conde et al., 2000, 2002, 2004, 2006). The 
subject received auditory feedback (a short beep) whenever his/her gaze left the fixation win-
dow for more than 500 ms (<500 ms gaze excursions were permitted to allow for blinks). In 
the free-viewing conditions, subjects were free to move their eyes over the visual scene. No 
fixation cross was presented, and the auditory alert was only played if the subject’s gaze left 
the area of the image for more than 500 ms. Eye movements exceeding the fixation win-
dow/image area were also recorded.  
A B
C D
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Figure 3-2 Saccadic main sequences during visual fixation vs. free-viewing 
A) Main sequences illustrating all saccades. Notice cluster of ~20-deg saccades in the free-viewing 
Picture puzzle condition (corresponding to horizontal saccades linking equivalent points in the two 
side-by-side images; see also Figure 3-1C). B) Main sequences from (A) in higher detail (sac-
cade/microsaccade magnitudes of less than 3 degrees). Main sequences are equivalent for all the fixa-
tion conditions. However, free-viewing of the same images results in very different saccade dynamics. 
Also, the dynamics of small saccades in the free-viewing conditions appear to vary as a function of 
stimulus (blank vs. visual scene) and task (free exploration vs. Picture puzzle search vs. Where’s Wal-
do search). Such differences may be partially due to varying cognitive/attentional demands across the 
free-viewing conditions. N = 8 subjects. 
We presented 15 different visual scenes per condition (except for the blank conditions, 
see below). As there were 8 conditions, this resulted in a total of 120 trials. The experiment 
was conducted over 3 sessions of 40 trials each. Each visual scene was one of the following: 
a) a blank scene, b) a natural scene, c) a “Picture puzzle”, or d) a “Where’s Waldo” scene. 
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The scenes presented in conditions b) and c) were scanned from the LIFE Picture Puzzle 
books (Adams, 2006a, 2006b, 2006c). The scenes presented in condition d) were scanned 
from the Where’s Waldo books (Handford, 2007a, 2007b, 2007c). All images were equalized 
for average luminance and RMS contrast (except for the blank scene, which was 50% gray). 
All images had the same size (36 deg (w) x 25.2 deg (h)) and were centered on the monitor 
screen. The size and resolution of the objects depicted in the images were such that subjects 
could perform all tasks comfortably. The visual scenes presented in the fixation and free-
viewing conditions were identical, except for the presence/absence of the fixation cross.  
In the fixation conditions, the subject’s task (i.e. prolonged fixation) did not vary: only 
the visual scene changed.  In the free-viewing conditions, the subject’s task varied according 
to the visual scene presented (Figure 3-1). Conditions a) and b) (blank scene and natural sce-
ne) required free visual exploration of the scene (i.e. the subject was instructed to explore the 
visual scene at will). Conditions c) and d) involved visual searches. In condition c) (Picture 
puzzles), the subject was presented with two side-by-side near-identical visual scenes, and 
had to find all the differences between them. In condition d) (Where’s Waldo) the subject had 
to conduct the classic cartoon visual search task (i.e. the subject had to find Waldo and other 
relevant characters/objects from the Where’s Waldo books). 
Conditions were pseudorandomly interleaved. Each trial was preceded by an “instruc-
tions” screen that indicated the type of task to be performed. Before the Where’s Waldo trials, 
the instructions screen illustrated the various cartoon characters and objects to be identified. 
When the subjects pressed the spacebar, the instructions screen disappeared and the trial start-
ed. Each trial was 45-s long. At the end of the Picture puzzle and Where’s Waldo trials, the 
subjects were asked to indicate, using the mouse, the screen locations corresponding to the 
detected objects/differences. In the Picture puzzle condition, subjects were required to indi-
cate the differences on the left image only. Previous to our analyses, we duplicated these re-
ported locations on the corresponding regions of the right image. Table 3.2 indicates various 
parameters of fixations and microsaccades near identified targets. Such regions of interest 
were defined as the area under a 2 x 2 deg window centered on each reported location (and its 
“mirror” area in the Picture puzzle condition). This method worked very well to identify the 
regions of interest in the Where’s Waldo condition, but it had some potential caveats in the 
identification of regions of interest in the Picture puzzles. Specifically, the location of the 2 x 
2 deg window over the Picture puzzle images may not have always corresponded to a region 
of interest. For instance, if a visual object was larger/longer in one image than in the other, the 
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location clicked by the subject may not have been the specific region fixated by the subject 
when he/she spotted the difference. Further, if the difference between the two images consist-
ed on two different locations of an identical object, mirroring the location of the left-image 
click over the right image would not have been an optimal method to identify the right-image 
region of interest. These issues may have led us to underestimate the strength of the effects 
(i.e. the various microsaccade and fixation parameters near identified targets summarized in 
Table 3.2) in the Picture puzzle vs. the Where’s Waldo conditions. Thus the Picture puzzle 
microsaccade and fixation parameters near identified targets indicated in Table 3.2 must be 
considered a conservative estimate. It is possible that more refined methods to identify the 
regions of interest in the Where’s Waldo and Picture puzzle conditions would have lead to 
closer (or even equivalent) microsaccade and fixation parameters in both types of trials. Fu-
ture research should explore this possibility. 
 
Figure 3-3 Microsaccade parameters during prolonged fixation 
A) Microsaccade main sequence (N = 33,230). B) Microsaccade peak velocity distribution. C) Distri-
bution of microsaccade magnitudes. D) Distribution of microsaccade durations. All the fixation condi-
tions have been grouped. The inset table summarizes various microsaccade dynamics (rate, magnitude, 
peak velocity, duration) in each experimental condition. Microsaccade rates were calculated taken into 
consideration the total time in each trial. Means and standard errors were calculated from the mean 
values for each subject (n = 8 subjects). 
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3.1.1.3 Calculation of microsaccade and saccade parameters 
Average fixation durations and saccade/microsaccade magnitudes, durations and peak 
velocities were first calculated for each subject and each trial separately. Then, all trials in 
each condition were averaged. Finally, averages and standard errors were calculated across 
subjects. Microsaccade rates during free-viewing were calculated taking into account only the 
time spent in fixation periods: the total number of microsaccades in each subject and trial was 
divided by the total time spent in fixation during the trial. We then averaged all the trials for 
each condition, and calculated the averages and standard errors across subjects (Figure 3-3, 
Figure 3-6, Table 3.1, Table 3.2).  
3.1.1.4 Intersaccadic interval distribution fitting 
For the analyses in Figure 3-7 and Figure 3-8 we fitted the intersaccadic interval distribu-
tions using an ex-gaussian function The ex-gaussian is the most commonly used function to 
estimate the distribution of reaction time data (Zandt, 2000). An ex-gaussian random variable 
is obtained when two random variables -one with a normal distribution and the other with an 
exponential distribution- are summed. The probability distribution function of an ex-gaussian 
random variable is the result of the convolution of a gaussian and an exponential function. It 
fits empirical reaction time distributions well (Hockley, 1984; Juhel, 1993; Rohrer & Wixted, 
1994). Also, Engbert previously fit intersaccadic intervals between successive microsaccades 
with an exponential distribution (Engbert, 2006). To obtain the three parameters of the ex-
gaussian that best fits the data we used a maximum likelihood estimation algorithm. 
3.1.2 Results 
Subjects either fixated a small cross on the center of the monitor, or freely viewed (i.e. 
explored/searched) a visual scene. Four types of visual scenes were presented: a) Blank scene 
(50% gray); b) Natural scene; c) Picture puzzle; d) Where’s Waldo. Each visual scene was 
presented twice: once while the subject fixated, and once while the subject freely viewed the 
images. In the fixation trials, the subjects had to fixate the central cross, irrespective of the 
background scene. In the free-viewing trials, the subjects’ task varied depending on the type 
of scene presented. In the blank scene and natural scene conditions, the subjects were asked to 
explore the image at will. In the Picture puzzle condition, the subjects were required to find 
all the differences between two side-by-side nearly-identical images, and indicate their loca-
tions at the end of the trial, using the computer mouse. In the Where’s Waldo condition, the 
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subjects performed the classical cartoon visual search task -i.e. they had to locate various car-
toon characters/objects among numerous distracters-, and indicate the location of identified 
targets at the end of the trial Figure 3-1. show representative eye position traces for each of 
the free-viewing tasks. See Methods section for details. 
3.1.2.1 Saccade and microsaccade during visual fixation and free-viewing 
The dynamics of microsaccades during visual fixation vs. free-viewing have not been 
previously examined systematically and objectively (but see (Martinez-Conde, 2006) for 
some preliminary observations). Here we asked whether microsaccades are produced during 
naturalistic visual exploration and visual search, and whether microsaccade dynamics vary as 
a function of viewing task. Figure 3-2 plots the main sequences for all sac-
cades/microsaccades in each experimental condition, for all subjects. Figure 3-2A includes all 
saccade/microsaccade magnitudes, and Figure 3-2B displays the same data in higher detail 
(for saccade/microsaccade magnitudes of less than 3 degrees). Several observations can be 
drawn: a) Saccade/microsaccade dynamics are equivalent across all fixation conditions, irre-
spective of the background image presented (blank scene/natural scene/Picture puz-
zle/Where’s Waldo scene). b) Saccade/microsaccade dynamics vary considerably across the 
free-viewing conditions, presumably as a function of the visual scene presented and/or task 
performed. c) The dynamics of the smaller saccades (putative microsaccades) are grossly dis-
similar for fixation vs. free-viewing of the same images. 
 Fixation Free-viewing 
 Blank 
scene 
Natural 
scene 
Picture 
puzzle 
Where’s 
Waldo 
Blank 
scene 
Natural 
scene 
Picture 
puzzle 
Where’s 
Waldo 
All saccades 
Rate (N/sec) 0.8±0.1 0.8±0.1 0.9±0.1 0.8±0.1 1.7±0.2 2.9±0.2 3.5±0.2 3.3±0.1 
Magnitude (deg) 0.43±0.05 0.53±0.08 0.6±0.1 0.46±0.06 7±1 4.5±0.4 6.8±0.3 3.6±0.2 
Duration (ms) 12.6±0.1 13.2±1.1 13.0±1.2 12.5±0.9 42±3 30±2 33.5±0.9 28±1 
Peak vel. (deg/s) 42±4 48±5 48±6 43±4 220±20 202±8 257±8 184±5 
Rate (N/sec) 0.8±0.1 0.8±0.1 0.9±0.1 0.8±0.1 1.7±0.2 2.9±0.2 3.5±0.2 3.3±0.1 
Saccades ≤ 3 deg 
Rate (N/sec) 0.8±0.1 0.8±0.1 0.8±0.1 0.8±0.1 0.6±0.1 1.4±0.1 1.6 ±0.1 1.8 ±0.1 
Magnitude (deg) 0.41±0.04 0.44±0.04 0.43±0.05 0.42±0.04 1.52±0.06 1.38±0.03 1.52±0.03 1.45±0.03 
Duration (ms) 13±1 13±1 12±1 12±1 24±1 19±1 19± 1 20±1 
Peak vel. (deg/s) 42±3 44±3 43±4 41±3 98±5 102±3 117±4 108±3 
Table 3.1. Saccade parameters (rate, magnitude, peak velocity, duration) in each experimental 
condition.  
Top: All saccades (see also Figure 3-2A). Bottom: Saccades smaller than 3 deg (See also Figure 3-2B). 
All saccade rates were calculated taken into consideration the total time in each trial. Means and stan-
dard errors were calculated from the mean values for each subject (n = 8 subjects). 
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3.1.2.2 Microsaccade characterization during pro-longed fixation, and during 
the fixation periods in free-viewing 
To address the interplay between saccades and microsaccades during free-viewing, one 
must first decide which eye movements should be classified as saccades vs. microsaccades. 
This poses a challenge: because exploratory and/or voluntary saccades can be the same size as 
microsaccades, one cannot distinguish between saccades and microsaccades based on their 
magnitude (or any other known physical parameter). Microsaccades can be defined only op-
erationally, as involuntary saccades that are produced while attempting to fixate (Martinez-
Conde, 2006). Thus if the subject is performing a fixation task, most saccades detected will be 
microsaccades by definition (regular exploratory or reflex saccades may also occur on occa-
sion). 
 
Figure 3-4 Examples The role of microsaccades in free-viewing 
A) Image equalized for luminance and RMS contrast. B) A 45-s eye position trace during free visual 
exploration, plotted over a low-contrast version of the image (for clarity). C) A 10-s period from (B). 
The area of each circle indicates the duration of the fixation period (smaller area circles correspond to 
fixations of linearly shorter durations). The largest circle (dashed purple line) corresponds to a 1,678 
ms fixation period. Human faces attracted long-duration fixations, and proved to be a primary focus of 
microsaccades (red). 
Free-viewing also presents the possibility of classifying microsaccades and saccades as a 
function of the subject’s intent: saccades produced during fixation periods can be defined as 
0.2 deg
Fixations
Saccades
Microsaccades
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microsaccades, whereas saccades produced during active exploration can be defined as regu-
lar saccades. One obstacle to this strategy is that we are usually not aware of our eye move-
ments: during normal visual exploration/search most saccades are involuntary, regardless of 
their size. Having the subjects continuously indicate their intent to fixate vs. shift their gaze 
would add to the difficulty of the task, and might result in rather artificial viewing conditions.  
An alternative way to classify microsaccades vs. saccades during free-viewing -without 
complicating and/or interfering with the subject’s task- is to: 1) establish the physical parame-
ters of saccades produced during prolonged fixation (most of these saccades are 
microsaccades by definition, as stated above), and 2) use those parameters to identify 
microsaccades in free-viewing conditions. 
 
Figure 3-5 Fixations and microsaccades during free-viewing 
A) Distribution of fixation durations across free-viewing conditions. B) Distribution of fixation dura-
tions, for fixation periods containing at least 1 microsaccade. C) Microsaccade rate as a function of 
fixation duration. Microsaccade rate is approximately constant after 400 ms in all conditions. D) Mi-
crosaccade numbers per fixation period, as a function of fixation period duration. The number of mi-
crosaccades per fixation period increases linearly after approx. 400 ms. Panels C) and D) illustrate that 
microsaccade production does not solely depend on fixation duration, but it is also affected by visual 
stimulation (blank vs. natural scene), and -to a lesser extent- by the task performed. N = 8 subjects. 
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Figure 3-2 plots the magnitude-peak velocity relationship for all saccades produced dur-
ing prolonged fixation (45-s long trials; see Methods section for details). Regardless of the 
background scene presented, the vast majority of saccades produced during prolonged fixa-
tion had magnitudes below 1 deg. Here we will consider those saccades as microsaccades, in 
agreement with previous studies (Betta, Galfano, & Turatto, 2007; Betta & Turatto, 2006; 
Engbert & Kliegl, 2003, 2004; Engbert & Mergenthaler, 2006; Engbert, 2006; Galfano, Betta, 
& Turatto, 2004; Laubrock et al., 2005; Martinez-Conde et al., 2002, 2004, 2006, 2000; Mar-
tinez-Conde, 2006; Rolfs et al., 2004, 2006; Troncoso et al., 2008a, 2008b; Turatto, 
Valsecchi, Tame’, & Betta, 2007; Valsecchi, Betta, & Turatto, 2007; Valsecchi & Turatto, 
2007), and while keeping in mind the caveats discussed above. See also Methods section for 
further details on the saccade/microsaccade detecting algorithm. Now, we may apply the same 
classification to saccades/microsaccades produced during free-viewing. Thus from here on we 
will refer to saccades smaller than 1 deg as microsaccades, irrespective of whether they were 
produced during prolonged fixation conditions, or during the brief fixation periods encom-
passed during the free-viewing conditions. Correspondingly, we will define fixation periods 
in free-viewing as those periods in between saccades larger than 1 deg (or in between a sac-
cade larger than 1 deg and a blink, see Methods). This procedure has the important advantage 
that the parameters used to identify microsaccades during free-viewing are derived from the 
distribution of involuntary saccades during visual fixation (i.e. veritable microsaccades, Fig-
ure 3-2, Figure 3-3). However, one must keep in mind that no microsaccade-detecting method 
can ensure that all putative microsaccades (produced during free-viewing or even during pro-
longed fixation) are involuntary (as opposed to small voluntary saccades). Conversely, some 
of the >1 deg saccades produced during prolonged fixation (and possibly during free-viewing) 
may be involuntary and could be thus categorized as microsaccades. Table 3.1 summarizes 
various dynamics of saccades/microsaccades during fixation and free-viewing conditions 
(corresponding to the main sequences in Figure 3-2). Figure 3-3 plots the microsaccadic main 
sequence and related parameters for the four fixation conditions together. 
Microsaccades during free-viewing were most prevalent at the points of the image that 
were meaningful for the task. Thus microsaccades tended to occur when foveating human 
faces and other salient objects during free visual exploration (Figure 3-4), or on the regions 
with identified targets during visual search tasks (Picture puzzles and Where’s Waldo condi-
tions). These observations may be related to the recent proposal that microsaccades signifi-
cantly “re-sharpen” the image and improve spatial resolution (Donner & Hemilä, 2007).  
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Figure 3-5 illustrates the distribution of fixation durations across the free-viewing condi-
tions.  The rate and number of microsaccades increased parametrically with fixation duration 
in all free-viewing conditions (Figure 3-5C, D), with a quasi-linear relationship between 
number of microsaccades and fixation duration (Figure 3-5D). The example in Figure 3-4C 
illustrates how microsaccades are contained within the fixation periods with longest durations. 
However, the slope of the curves in Figure 3-5C, D varied across conditions, with the steepest 
increase for the Where’s Waldo condition.  Interestingly, visual exploration of a blank scene 
resulted in the longest fixation durations (Figure 3-5A), but the lowest number of fixations 
with microsaccades (Figure 3-5B), thus suggesting that microsaccades may require the pres-
ence of a visual/attentional target to anchor to (see also Table 3.2). Further, the difference in 
microsaccade dynamics in the Where’s Waldo condition vs. the blank scene exploration con-
dition may result from the varied attentional/cognitive demands of both tasks (highest in the 
Where’s Waldo search task and lowest in the blank scene exploration task). Thus 
microsaccade production is not solely dependent on fixation duration, but it may also be af-
fected by both visual stimulation (blank vs. natural scene), and the cognitive demands of the 
task performed. 
Table 3.2 summarizes the occurrence of microsaccades across the free-viewing condi-
tions. Subjects were engaged in fixation during approx. 80% of the free-viewing time, irre-
spective of experimental condition. During the blank scene exploration, average fixation dura-
tions were long (470 ± 50 ms) but average microsaccade rates were lowest (0.2 ± 0.1 Hz). 
Microsaccade production was highest in the Where’s Waldo condition. During the Where’s 
Waldo search, the average microsaccade rate was 0.6 ± 0.1 Hz, and 15 ± 2 % of all fixations 
contained at least one microsaccade. Microsaccade production increased even further when 
only the regions with identified targets (as indicated by the subject) were considered. In such 
case, the average microsaccade rate escalated to 1.3 ± 0.1 Hz for the Where’s Waldo task (a 
70% increase with respect to microsaccade rates during prolonged fixation), and about half of 
the fixation periods (45 ± 5%) contained microsaccades. Moreover, the average duration of 
fixations in the regions of identified Where’s Waldo targets (600 ± 90 ms) surpassed the aver-
age fixation duration during free-viewing of a blank scene. These measurements suggest a 
strong relationship between microsaccade generation and target detection during visual 
search. The long fixation durations during the blank scene exploration rule out the possibility 
that fixation duration is critical to target detection: the production of microsaccades was more 
significantly linked.  
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 Blank scene Natural scene Picture puzzle Where’s Waldo 
Microsaccade rate (N/sec) 0.2±0.1 0.6±0.1 0.5±0.1 0.6±0.1 
Microsaccade rate near identified 
targets (N/sec) ---------- ---------- 0.6±0.1 1.3±0.1 
% of fixations with microsaccades 7±2 14±1 10±1 15±2 
% of fixations near identified targets 
with microsaccades ---------- ---------- 15±2 45±5 
Avg. fixation duration (ms) 470±50 300±10 234±7 283±4 
Avg. fixation duration near identified 
targets (ms) ---------- ---------- 255±7 600±90 
Avg. Microsaccade magnitude (deg) 0.55±0.03 0.58±0.01 0.63±0.01 0.60±0.01 
Avg. microsaccade magnitude near 
identified targets (deg)  ---------- ---------- 0.64±0.01 0.53±0.01 
% Time spent in fixation 79±2 80±2 77±3 83±2 
Table 3.2. Microsaccade dynamics in the fixation periods during free-viewing 
Microsaccade rates during prolonged fixation and during the fixation periods in free-viewing were 
comparable, with the exception of the free exploration of a blank scene. Although the blank scene con-
dition had the longest fixation durations, the microsaccade rate was lowest. The Where’s Waldo condi-
tion had the highest microsaccade rate, the highest percentage of fixations with at least one microsac-
cade, and the highest average fixation duration near identified targets (600 ms). The percentage of time 
spent in fixation periods during free-viewing was similar (approx. 80%) in all conditions (blank scene, 
natural scene, Picture puzzle, and Where’s Waldo). To calculate microsaccade rates during free-
viewing, we took into account only the time spent in fixation periods. The beginning and end of fixa-
tion periods were marked by either two saccades (i.e. non-microsaccades) or by a saccade and a blink. 
N = 8 subjects. 
Average microsaccade magnitudes were higher in the free-viewing conditions (Table 
3.2) than in the prolonged fixation conditions (Figure 3-3), lending further support to the idea 
that increased visual stimulation and/or task demands may result in increased microsaccade 
dynamics. We previously showed that precise fixation leads to decreases in microsaccade 
magnitudes (as well as rates (Martinez-Conde et al., 2006)), and that such decreases result in 
visual fading. Because subjects are not ‘required’ to fixate in the fixation periods that occur 
spontaneously during free-viewing,  the reduction of microsaccade sizes associated with pre-
cise fixation may have not applied (or it may have applied less often), thus resulting in larger 
microsaccades than during prolonged fixation. An additional (non-exclusive) possibility is 
that some of the <1 deg saccades produced during free-viewing are not actual (involuntary) 
microsaccades, but are rather voluntary or exploratory small saccades. But as discussed earli-
er, this potential caveat would also apply to the <1 deg saccades produced during visual fixa-
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tion (which are defined by most current studies as microsaccades (Betta et al., 2007; Betta & 
Turatto, 2006; Engbert & Kliegl, 2003, 2004; Engbert & Mergenthaler, 2006; Engbert, 2006; 
Galfano et al., 2004; Laubrock et al., 2005; Martinez-Conde et al., 2002, 2004, 2006, 2000; 
Martinez-Conde, 2006; Rolfs et al., 2004, 2006; Troncoso et al., 2008a, 2008b; Turatto et al., 
2007; Valsecchi et al., 2007; Valsecchi & Turatto, 2007). Another potential explanation could 
be that relatively brief fixation periods (such as those during free-viewing) result in larger 
ocular instability (and thus larger microsaccades) than periods of prolonged fixation. To ex-
clude this possibility, we compared the microsaccade magnitudes during the first several hun-
dred milliseconds of the prolonged fixation trials to the microsaccade magnitudes found in the 
fixation periods during free-viewing. The difference in microsaccade magnitude for both 
types of trial remained mostly unaffected (data not shown). 
 
Figure 3-6 Microsaccades and saccades follow the same main sequence 
Saccades and microsaccades recorded during free-viewing (blue) follow the same main sequence as 
those produced during the fixation conditions (red). Note that some of the blue dots are obscured by 
the superimposed red dots (i.e. when a red and a blue dot occupy the same location in the graph, the 
red dot is plotted over the blue dot). Microsaccade and saccade rates have been calculated taken into 
consideration the total time in each trial. N = 8 subjects. 
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3.1.2.3 Temporal interactions between saccades and microsaccades 
If saccades and microsaccades share the same oculomotor bases, then microsaccade gen-
eration should affect the timing of saccade generation, and vice versa. Rolfs et al. (Rolfs et al., 
2006) found that microsaccades produced during fixation affect the timing of subsequent sac-
cades. Here we determine the interactions for all the pair-wise combinations of saccades and 
microsaccades, both during fixation and free-viewing. 
 
Figure 3-7 Intersaccadic interval distributions 
A) Intersaccadic intervals follow similar distributions for all saccade-microsaccade combinations. The 
only variation between distributions occurs for intersaccadic intervals larger than ~200 ms. B) Inter-
saccadic intervals follow similar distribution for all experimental conditions. C) Intersaccadic interval 
distributions for individual conditions have been fit with ex-gaussian curves (red). The blue dots show 
the histograms of the data used for the fits (same data as in (B)). D) Variability of parameter estima-
tions across experimental conditions. Only the exponential parameter (τ) varies significantly across 
conditions. E) Parameter estimation as a function of saccade rate. There is a clear linear correlation be-
tween the exponential parameter (τ) and the rate of saccades. 
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Zuber and Stark (Zuber et al., 1965) first determined that microsaccades produced during 
fixation follow the saccadic main sequence, and thus proposed that there is a common genera-
tor for saccades and microsaccades. Figure 3-6 extends the range of the main sequence to in-
clude all saccades and microsaccades produced by the same subjects during visual fixation 
and free-viewing of the same images. Saccades and microsaccades produced during the fixa-
tion tasks are indicated in red. Saccades and microsaccades produced during the free-viewing 
tasks are indicated in blue. Both distributions follow the same main sequence, with the same 
slope. 
Figure 3-7A shows that intersaccadic intervals are equivalent for all pair-wise combina-
tions of saccades and microsaccades in free-viewing. That is, both saccades and 
microsaccades were more likely produced approximately 200 ms after a previous eye move-
ment (which could itself be either a saccade or a microsaccade). In other words, the refractory 
periods between saccades and microsaccades are equivalent, irrespective of their sequential 
order. This observation is at odds with the idea of two different circuits for the generation of 
saccades and microsaccades. Saccades and microsaccades appear to share the same timing 
constraints, which supports the hypothesis of a common saccade-microsaccade generator. 
During fixation, the intervals between successive microsaccades are somewhat longer than 
during free-viewing. The reason may be that subjects try to hold their gaze steady during fixa-
tion, and so their microsaccade production may be –at least partly- suppressed (Martinez-
Conde et al., 2006), resulting in longer intervals between successive microsaccades. Figure 
3-7B plots the normalized distribution of intersaccadic intervals (for all saccades and 
microsaccades combined) according to experimental condition (all the fixation conditions are 
lumped together). In agreement with Figure 3-7A, intersaccadic intervals during the fixation 
conditions are slightly longer than intersaccadic intervals during free-viewing. Most of the 
free-viewing conditions result in equivalent intersaccadic interval distributions. It is interest-
ing to note that the free exploration of a blank scene results in very similar intersaccadic in-
tervals to those produced during prolonged fixation. The underlying reason may be the rela-
tive scarcity of both saccades and microsaccades during blank-scene explorations, when com-
pared to the other free-viewing conditions (see Table 3.1 and Table 3.2). To sum up, the only 
variation between distributions occurs for intersaccadic intervals larger than ~200 ms, and this 
difference seems better related to the nature of the task than to dissimilarity in the generation 
of saccades vs. microsaccades. In Figure 3-7C, the distributions of intersaccadic intervals for 
individual conditions are fit with ex-gaussian functions (see Methods). Only the exponential 
parameter (τ) of the ex-gaussian curve varied significantly across conditions (Figure 3-7D). 
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This parameter indicates the rate of decay of the probability of a long intersaccadic interval. 
Figure 3-7E shows that the exponential parameter (τ) is linearly related to the saccade and/or 
microsaccade rate, as proposed earlier. The gaussian component of the ex-gaussian distribu-
tion is described by parameters μ (mean of the gaussian distribution) and σ (width of the 
gaussian distribution). Parameters μ and σ were not related to saccade and/or microsaccade 
rate, and they did not differ significantly across conditions. 
 
Figure 3-8 Relationship between intersaccadic intervals and the magnitude of subsequent sac-
cades 
A) Distribution of intersaccadic intervals grouped by the magnitude of the subsequent saccade. Short 
intersaccadic intervals tend to be followed by large saccades. Conversely, long intersaccadic intervals 
tend to be followed by small saccades. B) The parameter μ from the ex-gaussian model fit to curves in 
(A) is parametrically related to the magnitude of the subsequent saccade. Note that microsaccades fol-
low the same trend as large saccades. C) Saccade magnitudes as a function of the duration of the pre-
ceding intersaccadic intervals. Short intersaccadic intervals are followed by large saccades. D) Data 
from (C) now separated into individual free-viewing conditions. E) Microsaccade magnitudes during 
fixation as a function of the duration of preceding intersaccadic intervals. Short intersaccadic intervals 
are followed by larger microsaccades. Conversely, long intersaccadic intervals are followed by smaller 
microsaccades. 
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Figure 3-8 relates the duration of intersaccadic intervals to the magnitude of the second 
(subsequent) saccade/microsaccade. Short intersaccadic intervals tend to be followed by large 
saccades; long intersaccadic intervals tend to be followed by small saccades/microsaccades 
(Figure 3-8A). Figure 3-8B shows that the magnitude of each subsequent saccade (in a sac-
cade pair) is parametrically related to the parameter μ from the ex-gaussian model fit to the 
data in Figure 3-8A. Note that microsaccades follow the same trend as large saccades. Figure 
3-8C-E show that the relationship between the duration of the intersaccadic intervals and the 
magnitude of the next saccade/microsaccade applies to both free-viewing conditions (as pre-
viously shown by (Unema, Pannasch, Joos, & Velichkovsky, 2005), Figure 3-8C,D) and fixa-
tion conditions (Figure 3-8E), further supporting the hypothesis that saccades and 
microsaccades share a common generator. 
3.1.3 Discussion 
3.1.3.1 Microsaccades during free-viewing 
Microsaccades are known to occur during prolonged visual fixation, but it has been a 
matter of controversy whether they are also produced during free-viewing. Here we set out to 
determine:  1) whether microsaccades occur during free visual exploration and visual search, 
2) whether microsaccade generation varies with task, and 3) whether saccades and 
microsaccades share equivalent spatiotemporal characteristics, which would argue in favor of 
a common saccade-microsaccade oculomotor generator. 
In the late 1970’s, Kowler and Steinman (Kowler & Steinman, 1980; Skavenski, Hansen, 
Steinman, & Winterson, 1979; Steinman & Collewijn, 1980) concluded that the generation of 
microsaccades was a laboratory artifact: i.e. that microsaccades did not occur in normal view-
ing conditions, but that they resulted from artificial laboratory conditions, in which subjects 
were forced to hold their gaze for very long periods of time, while their head was restrained 
(for instance, with a bite bar). Steinman et al. (Steinman et al., 1973) and Kowler and Stein-
man (Kowler & Steinman, 1979, 1980) furthermore stated that microsaccades are not helpful 
in tasks requiring complex visual information processing, and thus are much less common 
during brief fixations interposed between large saccades (in activities such as reading or 
counting) than during prolonged fixation.  
Contrary to these conclusions, we and others found in the last decade that microsaccades 
generate strong reliable firing in visual neurons during fixation, and also during the fixation 
periods in guided-viewing (Bair & O’Keefe, 1998; Martinez-Conde et al., 2000, 2002, 2004; 
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Martinez-Conde, 2006). Moreover, microsaccades counteracted visual fading and filling-in 
and increased target’s visibility in human subjects with both restrained and unrestrained heads 
(Martinez-Conde et al., 2006; Troncoso et al., 2008a). The dynamics of microsaccades with 
restrained versus unrestrained heads were equivalent, suggesting that microsaccades are gen-
erated with and without the presence of head movements (Martinez-Conde et al., 2006). One 
critical difference between these recent studies and the early microsaccade studies from the 
1970’s is the current standard use of objective microsaccade-detecting algorithms (developed 
within the last decade (Engbert & Kliegl, 2003; Martinez-Conde et al., 2000)). Current objec-
tive algorithms base microsaccade characterization on parameters derived from the distribu-
tion of involuntary saccades during visual fixation, rather than on arbitrary magnitude or ve-
locity thresholds (as done in the earlier studies). Another possible confound in the earlier 
studies is that microsaccades were identified subjectively (i.e. picked by hand from the eye-
position traces), which poses the potential difficulty of replication by other groups.  
In a relatively recent example of the early subjective approach to microsaccade detection, 
Malinov et al. (Malinov, Epelboim, Herst, & Steinman, 2000) identified microsaccades by 
hand, rather than by applying an objective algorithm. They also defined microsaccades arbi-
trarily (i.e. without previously quantifying the distribution of involuntary saccades during fix-
ation), as saccades with magnitudes of < 12 arcmin. This very stringent parameter is well be-
low the average microsaccade magnitude found in recent microsaccades studies in humans 
and primates (Betta et al., 2007; Betta & Turatto, 2006; Engbert & Kliegl, 2003, 2004; 
Engbert & Mergenthaler, 2006; Engbert, 2006; Galfano et al., 2004; Laubrock et al., 2005; 
Martinez-Conde et al., 2002, 2004, 2006, 2000; Martinez-Conde, 2006; Rolfs et al., 2004, 
2006; Troncoso et al., 2008a, 2008b; Turatto et al., 2007; Valsecchi et al., 2007; Valsecchi & 
Turatto, 2007) see also (Martinez-Conde et al., 2004) for a review of human and primate 
microsaccade parameters. These potential confounds may help to explain why only 2 out of 
>3,000 total saccades recorded in Malinov et al.’s study in freely moving humans were classi-
fied as “microsaccades”, in contradiction to the much higher number of microsaccades we 
find here. It is also important to keep in mind that microsaccade production during free-
viewing depends on the nature of the visual stimulation and the task performed, as shown 
here. Thus free-viewing tasks that do not require the subject’s attentive fixation may lead to 
reduced microsaccade production (such as in the free-viewing exploration of a blank scene 
(Figure 3-2, Figure 3-5, Table 3.2)).  
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To sum up, the role of microsaccades in free-viewing has remained controversial to date. 
However, the dynamics of microsaccades during free-viewing vs. fixation have not previously 
been objectively and systematically measured (i.e. with current microsaccade-detecting algo-
rithms, previously unavailable). Our results show that microsaccades occur in the fixation 
periods that naturally take place during visual exploration and visual search (Figure 3-2, Fig-
ure 3-4, Figure 3-5). Moreover, microsaccade rates during the fixation periods in visual explo-
ration/search were equivalent to microsaccade rates during prolonged fixation (Table 3.2).  
Our results also suggest that microsaccades and saccades have equivalent functional 
roles, both during prolonged fixation and during free-viewing. The spatiotemporal character-
istics of microsaccades and saccades may reflect an optimal sampling method by which the 
brain discretely acquires visual information. Thus we put forward that the dichotomy between 
saccades and microsaccades proposed by previous studies is fundamentally arbitrary. 
3.1.3.2 Saccades and microsaccades as an optimal sampling strategy 
The dynamics of saccades and microsaccades may reflect an optimal strategy by which 
visual neurons discretely sample information from a scene. Visual exploration of a blank sce-
ne (in which visual information is absent by definition), resulted in low production of both 
saccades and microsaccades. The visual exploration/search of scenes that were rich with visu-
al content resulted in much higher rates of saccades and microsaccades (Figure 3-4, Table 3.1, 
Table 3.2). As the cognitive demands of the task increased (Where’s Waldo visual search vs. 
free visual exploration), microsaccade generation increased even further, especially in the re-
gions with identified targets (Table 3.2, Figure 3-5). These results are in agreement with phys-
iological and modeling studies in the primate visual system, in which strong neural transients 
were observed in response to microsaccades (Donner & Hemilä, 2007; Martinez-Conde et al., 
2000, 2002; Martinez-Conde, 2006), but not to drifts (Martinez-Conde et al., 2000), suggest-
ing that microsaccades may improve the efficient sampling of fine spatial detail (Donner & 
Hemilä, 2007). Other studies suggest that V1 neurons produce stronger responses to transient 
stimuli than to drifting stimuli. Such neural transients may underlie the behavior of cortical 
neurons as coincidence detectors (Shelley, McLaughlin, Shapley, & Wielaard, 2002; Williams 
& Shapley, 2007). Moreover, neural transients to stimuli onsets and terminations (similar to 
those produced by microsaccades in the primate visual system (Martinez-Conde et al., 2000, 
2002; Martinez-Conde, 2006)) have been related to target visibility in visual masking para-
digms (Macknik & Livingstone, 1998; Macknik et al., 2000; Macknik & Martinez-Conde, 
2004).  
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Gilchrist et al. (1997, 1998) moreover observed that a patient who was unable to make 
eye movements (except for small-magnitude drifts) produced head-saccades of comparable 
characteristics to eye-saccades. Such head-saccades enabled the patient to read at normal 
speed and even perform complicated visuo-motor tasks, such as making a cup of tea, with no 
problems. The authors concluded that “saccadic movements, of the head or the eye, form the 
optimal sampling method for the brain” (Gilchrist et al., 1997, 1998). This type of discrete 
sampling is potentially optimal in other sensory systems as well. Sniffs during rodent olfac-
tion also sample sensory information discretely every 200-300 ms, and are thus comparable in 
their temporal dynamics to saccades (Uchida et al., 2006) and microsaccades in humans and 
primates. A similar mode of discrete sampling may also be at play when objects are recog-
nized through tactile information, for instance if we sweep our fingertips over an object’s sur-
face with our eyes closed, or when blind individuals read Braille script. 
3.1.3.3 Microsaccades in visual search and the role of attention 
It has remained unknown whether microsaccade dynamics vary as a function of free-
viewing task. Our results show microsaccades to be more prominent in conditions that in-
volved complex/meaningful visual information (natural vs. blank scene, faces vs. non-faces) 
and increased cognitive/attentional demands (Where’s Waldo vs. free visual exploration) 
(Table 3.1, Table 3.2, Figure 3-4, Figure 3-5). Conversely, the free exploration of a blank sce-
ne -where the visual content is null and the task demands are low-, resulted in long fixation 
periods, but comparatively low microsaccade rates. 
Previous studies have found that the spatial location of attention strongly influences the 
rate and/or the direction of microsaccades during visual fixation (Engbert & Kliegl, 2003; 
Engbert & Mergenthaler, 2006; Galfano et al., 2004; Hafed & Clark, 2002; Rolfs et al., 2004, 
2005). Thus increased microsaccade production due to increased attentional load may explain 
our current results, especially as microsaccade rates were highest in the regions of identified 
targets (Table 3.2).  
Future research should determine how varied amounts of attentional load may impact 
microsaccade dynamics during visual search and other naturalistic tasks, and the potential 
physiological and perceptual consequences of such modulations. One possibility is that in-
creased microsaccade production (perhaps due to increased attention) directly results in suc-
cessful target detections (due to successive microsaccades repeatedly stimulating the receptive 
fields of visual neurons in the target area). Alternatively, the very first saccade or 
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microsaccade to land on the target may be sufficient for detection, and the function of subse-
quent microsaccades may be to confirm the original identification of the target. Thus, future 
studies should also investigate the precise timing of microsaccade generation with regard to 
target detection and the interactions with attention. 
3.1.3.4 A saccade-microsaccade continuum 
A growing list of common characteristics to saccades and microsaccades supports the 
hypothesis of a shared oculomotor generator (Martinez-Conde et al., 2004; Rolfs et al., 2008a, 
2006; Zuber et al., 1965). Most studies to date have focused on the descriptive parameters of 
saccades and microsaccades (magnitude, duration, peak velocity-magnitude relationship). 
Here we hypothesized that, if saccades and microsaccades share the same oculomotor bases, 
microsaccade generation should affect saccade generation, and vice versa. Our results indicate 
that the spatiotemporal parameters of saccades and microsaccades are equivalent (Figure 3-6, 
Figure 3-7, Figure 3-8), providing further evidence to the common generator hypothesis. In 
agreement with this idea, Van Gisbergen and colleagues found that the activity of burst neu-
rons in the abducens nucleus and nearby pontomedullary reticular formation is similar for 
saccades and microsaccades (Van Gisbergen et al., 1981; Van Gisbergen & Robinson, 1977).  
To date, the study of microsaccades during free-viewing has faced a two-pronged chal-
lenge: 1) If fixation periods are defined as saccade-free periods, it follows that fixational 
microsaccades are not part of fixation; a contradiction in terms. 2) But if microsaccades are 
indeed a type of fixational eye movement (Ditchburn & Ginsborg, 1952, 1953; Martinez-
Conde et al., 2004; Ratliff & Riggs, 1950), then they must be included within the fixation pe-
riods. Our results suggest that such difficulty is fundamentally semantic: we propose that 
there is a microsaccade-saccade continuum, and that visual information is discretely sampled 
during all saccades, large and small (including microsaccades). The fact that there is a mini-
mal intersaccadic interval (i.e. a refractory period) preceding saccades and microsaccades, and 
that this interval is similar for all pair-wise combinations of saccades and microsaccades, ar-
gues strongly against a very strict divide between the neural bases for saccades and 
microsaccades during visual exploration and search. 
3.1.3.5 Practical implications for future research 
Commercially available algorithms for saccade detection are often used to separate sac-
cades from fixation periods during free-viewing tasks (such as visual exploration, visual 
search, reading, etc).  The thresholds used for such saccade detection can be quite arbitrary. 
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For instance, the EyeLink II manual (SR Research Ltd, 2006) recommends a velocity thresh-
old of 22 deg/s for “smooth pursuit and psychophysical research”, and a velocity threshold of 
30 deg/s for “reading and cognitive research”. The present results show that the use of such 
thresholds for the identification of saccades and/or microsaccades is problematic. Here we 
would like to emphasize two practical points: 1) microsaccade characterization during free-
viewing should be based on parameters obtained from microsaccade distributions during pro-
longed fixation, ideally collected from the same subjects (and necessarily from the same spe-
cies, i.e. primates vs. humans). 2) Future studies investigating microsaccades and/or fixation 
periods during free-viewing should report the precise thresholds used for the classification of 
saccades/microsaccades/fixation periods, rather than simply state the name of the commercial 
software package used to characterize eye movements.  
Finally, because of the microsaccade-saccade continuum proposed above, we recom-
mend that future studies of visual exploration/search employ saccade-detecting algorithms 
that allow the identification and inclusion of microsaccades (rather than using thresholds that 
arbitrarily exclude the potential contributions of microsaccades/small saccades). 
3.1.3.6 Conclusions 
We found that microsaccades occur during visual exploration and visual search, and that 
their specific dynamics vary as a function of visual stimulation and viewing task, with more 
challenging tasks resulting in higher microsaccade production. Saccades and microsaccades 
had comparable spatiotemporal characteristics, including equivalent intersaccadic intervals 
between all pair-wise combinations of saccades and microsaccades. We propose that the di-
chotomy between saccades and microsaccades suggested by previous studies is fundamentally 
arbitrary. Rather, our results indicate a microsaccade-saccade continuum, and suggest that 
saccades and microsaccades are generated by the same brain circuits. The spatiotemporal 
characteristics of saccades and microsaccades may reflect an optimal sampling method by 
which the brain discretely acquires visual information. 
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3.2 Visual fixation is visual exploration on a miniature scale 
Classic and current vision studies distinguish between visual exploration, characterized 
by the alternation of saccades and brief fixation periods, and attempted visual fixation, where 
subjects maintain relative gaze stability despite continuous but minute fixational eye move-
ments (i.e. microsaccades, slow drift and oculomotor tremor) (Barlow, 1952; Ditchburn & 
Ginsborg, 1953; Dodge, 1907; Ratliff & Riggs, 1950; Rolfs, 2009; Yarbus, 1967a, 1967b). 
The theoretical separation between exploratory gaze shifts and attempted fixation dates back 
to the discovery of fixational eye movements in the early 1900’s (Ditchburn & Ginsborg, 
1953; Dodge, 1907; Ratliff & Riggs, 1950), and remains central to contemporary discourse in 
visual, cognitive, and oculomotor research (Otero-Millan et al., 2008a). Yet, mounting evi-
dence in support of a common generator for both exploratory saccades and fixational 
microsaccades (Hafed et al., 2009; Otero-Millan et al., 2011a; Rolfs et al., 2008a; Steinman et 
al., 1973) (but see (Mergenthaler & Engbert, 2010)) brings into question whether such a di-
chotomy is justified. Instead, it may be that saccades and microsaccades form an oculomotor 
continuum along the entire spectrum of exploratory scales, with classical exploratory saccades 
at one end and classical fixational microsaccades at the other end. In that case, it might be 
baseless to distinguish between fixational and exploratory behaviors. Recent studies have 
identified abnormal dynamics of saccades and microsaccades as potential diagnostic markers 
of neurological disease (Chen et al., 2010; Otero-Millan et al., 2011b); thus the new frame of 
reference proposed here may have important clinical implications concerning the role of the 
affected brain centers in the patients’ oculomotor behavior. 
In order to establish such a framework, one must first reconcile any known discrepancy 
between the dynamics of saccades during exploration and those of microsaccades during fixa-
tion. Saccades occur at an approximate rate of three per second during exploration, whereas 
microsaccades occur about once a second during fixation (Martinez-Conde et al., 2009; Ote-
ro-Millan et al., 2008a; Rolfs, 2009). This difference, unexplained by current models of visual 
and oculomotor function, is in conflict with the physiological and behavioral evidence sup-
porting a common generator for saccades and microsaccades (Hafed et al., 2009; Otero-
Millan et al., 2011a, 2008a; Rolfs et al., 2006; Steinman et al., 1973), and reinforce the tradi-
tional view that exploration and fixation are two distinct oculomotor behaviors (Ditchburn & 
Ginsborg, 1953; Yarbus, 1967b).   
One solution to this paradox could be that exploration and fixation are not opposing be-
haviors, but form a functional continuum in which saccades scan visual scenes of any and all 
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sizes, no matter how small. That is, fixation may serve to scan minute regions of visual space, 
just as classical exploration serves to scan larger visual regions. If this idea is correct, sac-
cadic rates should not only decrease as the size of the field of exploration decreases, but fall 
on a continuum with classical exploratory saccades at one end and classical fixational sac-
cades (i.e. microsaccades) at the other end. Other saccadic properties should vary as function 
of image size as well, forming a continuum with microsaccadic parameters during fixation. 
3.2.1 Methods 
3.2.1.1 Experiment 1 
Ten subjects (3 females) with normal or corrected-to-normal vision participated in 4 ex-
perimental sessions  of ~60 minutes each, under the Barrow Neurological Institute’s IRB.  
Subjects rested their heads on a chin-rest, 57 cm from a Barco Reference Calibrator V 
monitor, 75 Hz refresh rate. Eye position was acquired in both eyes at 500 samples/sec 
(EyeLink 1000, SR Research). Saccade identification was as in (Engbert & Kliegl, 2003; 
Otero-Millan et al., 2008a).  
We tested 1 fixation and 14 exploration (i.e. free-viewing) experimental conditions. Half 
of the free-viewing conditions presented a natural image and the other half a 60% gray rec-
tangle (Figure 3-9), on a 50% gray background. The width of the image/rectangle was 32, 16, 
8, 4, 2, 1, or 0.5 degrees (the heights were ¾ of the widths). In the fixation condition, subjects 
fixated a central red dot (0.1 degrees wide). In the free-viewing conditions, subjects were in-
structed to move their eyes freely within the image (eye movements exceeding the image area 
were recorded). Each 30-sec trial was preceded by an instructions screen indicating the task to 
be performed. 
We presented each free-viewing condition 12 times and the fixation condition 24 times 
(192 trials total, pseudorandomly interleaved). Each natural image trial included a different 
image from the McGill Calibrated Colour Image Database (Olmos & Kingdom, 2004). 
3.2.1.2 Experiment 2 
Six subjects (2 females, no overlap with subjects in Experiment 1) with normal or cor-
rected-to-normal vision participated in one experimental session of ~60 minutes, under the 
Barrow Neurological Institute’s IRB.  
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Subjects sat ~57 cm from a large display composed of 7 contiguous monitors, each of 
which was 108 cm tall and 57 cm wide. The angle between adjacent monitors was 5 degrees. 
This setup allowed the presentation of greater image sizes than in Experiment 1 (i.e. up to 160 
degrees wide, thus virtually encompassing a subject's visual field in its entirety) (Figure 
3-13A). Eye position was acquired in both eyes at 500 samples/sec with a head-mounted eye 
tracker (EyeLink II, SR Research). Once calibration was complete, participants could move 
their eyes and heads naturally as they explored the images. Saccade identification was as in 
Experiment 1.  
We tested 1 fixation and 6 exploration (i.e. free-viewing) experimental conditions. In the 
fixation condition, subjects fixated a central red dot (0.1 degrees wide). In the free-viewing 
conditions we presented a natural image and subjects moved their eyes and heads freely to 
explore the scene. The width of the image was 160, 120, 64, 32, 8, or 2 degrees (the heights 
were ¾ of the widths for the images ≤ 64 degrees, and 94 degrees for the images of 160 and 
120 degrees). The subjects were instructed solely to explore the images at will (whereas in 
Experiment 1, participants’ instructions required them to move their eyes freely within the 
image). Each 30-sec trial was preceded by an instructions screen indicating the task to be per-
formed.  
We presented each condition 9 times (63 trials total, pseudorandomly interleaved). Natu-
ral images were taken from the McGill Calibrated Colour Image Database (Olmos & King-
dom, 2004). 
3.2.1.3 Modeling of oculomotor behavior 
We implemented a model of oculomotor behavior that allowed us to obtain simulated 
saccade magnitude distributions by creating a sequence of 20,000 randomly generated sac-
cades for each image size. In each step of the simulation we added a new saccade to the se-
quence, taking as starting point the end point of the previous saccade and selecting a new ran-
dom endpoint. The probability distribution of saccadic end points was derived from known 
properties of human oculomotor behavior, as follows:  
First, points near the center of the image were chosen with higher likelihood than points 
farther from the center, following from a robust phenomenon known as central bias (Tatler, 
2007). Thus, the probability of an endpoint varied linearly with the distance to the center of 
the image, being maximal at center and zero at the edges. A margin of error of 0.5 degrees 
around each image accounted for inaccurate fixation at the edge of the image. 
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Second, small saccades have a higher likelihood of occurrence that large saccades 
(Brockmann & Geisel, 2000; Tatler, 2007). Further, neural activity maps in the superior 
colliculus are responsible, at least in part, for both saccadic and microsaccadic targeting 
(Hafed & Krauzlis, 2012). In our simulations, a given endpoint's probability of selection de-
creased with the distance to the starting point of the saccade (d), according to the superior 
colliculus retinal magnification function (from (Optican, 1994)):  
 pd(d) = �log �dA� + 1� log (40A )�   (3-1) 
Third, gaze position errors of minute magnitudes are less likely to trigger correcting sac-
cades (Otero-Millan et al., 2011c). Thus, we used a second function to reduce the probability 
of the very smallest saccades: 
 pth(d) = 1 − ex2/2B2 (3-2) 
 
The values of the two free parameters (A and B above) that fit best the empirical distri-
butions determined the best fit of our model. We used the same A and B values to fit the dis-
tributions for all image sizes.  
3.2.2 Results  
We tracked the eye movements of human participants while they fixated a small dot or 
freely explored natural images and blank scenes of varying sizes (See Methods for details).  
3.2.2.1 Experiment 1 
Our results showed that saccadic rates diminished with decreasing image size, both for 
natural scenes (r=0.99) and for blank scenes (r=0.99) (Figure 3-9). The rates of microsaccades 
produced during visual fixation were equivalent to the rates of saccades produced during the 
visual exploration of the smallest (natural (p=0.24) and blank (p=0.57)) scenes, signaling a 
continuum of saccade production from exploration to fixation (Figure 3-9). Blank scenes re-
sulted in reduced saccadic rates at all image sizes (ANCOVA, p=0.000001), as expected from 
previous results (Otero-Millan et al., 2008a). The saccadic continuum from exploration to fix-
ation was consistent across individual subjects. No previous study has linked the diminishing 
rates of saccades generated during the exploration of shrinking images to those of 
microsaccades during fixation (Enoch, 1959; Wartburg et al., 2007).  
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Figure 3-9 A saccadic continuum from exploration to fixation 
Error bars represent SEM across subjects. Bottom panels: Examples of Natural Scene and Blank Scene 
stimuli, proportionally scaled down from the sizes presented in the experiment. 
The saccadic continuum was not limited to rate, but extended also to other saccadic 
properties such as magnitude, velocity, direction, and intersaccadic interval. That is, as visual 
scenes decreased in size, saccades became smaller (Figure 3-10A), slower (Figure 3-10B), 
sparser (Figure 3-10C), and took on trajectories that were more horizontal in direction (Figure 
3-10D). The distributions of these parameters did not change in shape abruptly, but shifted 
continuously as the images shrunk (Figure 3-10).  
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Figure 3-10 The saccadic continuum from exploration to fixation extends to saccade magnitude, 
peak velocity, intersaccadic interval and direction 
A, B, C, D, Saccadic parameters in relation to scene size. Top, Distributions of saccadic parameters do 
not change in shape with decreasing image sizes, but merely shift continuously. Data from the Natural 
Scene condition (plots) and Blank Scene condition were equivalent. Bottom, Average saccadic pa-
rameters during fixation were indistinguishable from those during free-viewing of the smallest scene 
(t-test p-values indicated below each plot). Free-viewing regression slopes were significantly different 
from zero for each saccadic parameter (correlation coefficients and p-values for the regression of the 
parameter and the logarithm of stimulus size indicated below each plot). Error bars represent SEM 
across subjects. 
Statistical testing rejected the possibility of a bimodal distribution of saccades and 
microsaccades underlying the saccadic continuum apparent in Figure 3-9 and Figure 3-10, for 
all image sizes (Hartigan dip test p>0.05; (Hartigan, 1985))  (Figure 3-10A). To further test 
the hypothesis of a bimodal distribution underlying microsaccade and saccade generation, we 
implemented a model of oculomotor behavior derived from known human oculomotor func-
tion (Brockmann & Geisel, 2000; Tatler, 2007). We generated random scanpaths within each 
image size (see Methods for details) and obtained simulated saccade magnitude distributions. 
Figure 3-11 compares the simulated and empirical saccade magnitude distributions. The mod-
el provides a good fit of our data (R-squared=0.9) and captures the main characteristics of the 
empirical saccadic magnitude distributions for images of all sizes. Thus, the eye movement 
simulation results indicate that a single model of oculomotor behavior can explain a saccadic 
continuum from exploration to fixation, for images of all sizes.  
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Figure 3-11 Empirical and simulated saccade magnitude distributions 
Dashed lines show the empirical distributions (same data as in Figure 2A) and solid lines the simulated 
ones. Distributions are normalized by the maximum value to facilitate direct comparison. 
We moreover tested the possibility that the shift in saccadic magnitudes could be due to 
differences in the spatial frequencies available as the natural scenes decreased in size, and 
found no effect of spatial frequency on saccade magnitudes (Figure 3-12). That is, the reduc-
tion in saccadic magnitudes with natural scenes of diminishing size is a function of explora-
tion area, and not of spatial frequency content. 
 
Figure 3-12 Spatial frequency content does not influence saccade magnitude distributions for 
natural scenes of diminishing sizes 
A) Each gray line represents the spatial frequency spectrum (rotational average) of each natural scene 
at the largest size (32 degrees). Color lines indicate the average of the spectrum of all the images at 
four different sizes (32, 16, 8 and 4 degrees). The effect of stimulus size on the slope of the spectra is 
noticeable. The slope variability at the highest stimulus size (32 degrees) encompasses the average 
slopes from stimuli sizes 4 to 32 degrees. B) Images were sorted by spectrum slope (high, middle and 
low) and then divided in three groups of 28 images each. Saccade magnitude changes with stimulus 
size at all spatial frequencies, but it does not change with spatial frequency for any image size. The 
smallest image sizes (2, 1, and 0.5 degrees) were not included in this analysis due to the difficulty of 
calculating the corresponding spectra. 
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3.2.2.2 Experiment 2 
Here, a different set of subjects viewed a large visual display that permitted the presenta-
tion of greater sized images than previously tested (i.e. up to 160 degrees wide, thus virtually 
encompassing a subject's visual field in its entirety) (Figure 3-13A). Viewing conditions were 
moreover unrestricted in that participants could move their eyes and heads naturally as they 
explored the images (whereas in Experiment 1 their heads were held in place with a fore-
head/chin rest; see Methods for details). As in Experiment 1, saccade rates and magnitudes 
increased continuously with image size, reaching a ceiling for images larger than 100 degrees 
(Figure 3-13B-C). Though the results of the two experiments were equivalent for the range of 
image sizes where they overlapped (Figure 3-13D), Experiment 2 provides an expanded and 
less restricted measure of saccadic dynamics than Experiment 1. Thus, the results of Experi-
ment 2 confirm that the saccadic continuum from fixation to exploration applies to images of 
all sizes, even the very largest ones, in non-restrictive viewing conditions allowing all types of 
saccades and fixation positions. 
3.2.3 Discussion 
Our results suggest that the human oculomotor system engages in continuous exploration 
while observing objects of all dimensions, with the size of the area of exploration determining 
saccadic parameters such as rate and magnitude. Simply put, when we observe small things 
(i.e. minute scenes, object features, fixation targets), our oculomotor system scans them with 
small and infrequent saccades, whereas if we look at big things our oculomotor system scans 
them with larger, more frequent saccades. The smaller the scene to be scanned, the smaller 
and less frequent saccades (and microsaccades) will be. In other words, saccadic and 
microsaccadic rates and magnitudes vary along a continuum as a function of the size of the 
scene to be scanned. This new theoretical framework may moreover explain decreases in 
microsaccade rates during high acuity tasks (Ko et al., 2010), given that the nature of the task 
would have required the subjects to reduce the area of active exploration during performance.  
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Figure 3-13 The saccadic continuum extends to non-restrictive viewing conditions 
A) Seven adjacent monitors formed a very wide screen display, encompassing nearly all of a subject's 
visual field. Subjects' eye movements were monitored via a head-mounted tracker. B) Saccadic rate 
continuum from exploration to fixation. Error bars represent SEM across subjects. C) Saccadic magni-
tude continuum from exploration to fixation. D) Comparison of saccadic rates (top) and magnitudes 
(bottom) in Experiments 1 and 2. Different sets of subjects participated in Experiments 1 and Experi-
ment 2. Some methodological aspects moreover differed between the two experiments, such as the 
type of display (see Methods for details). Thus, to compare the shape of the curves from the two ex-
periments, we normalized the data from Experiment 2 using Experiment 1 as reference (i.e. we sub-
tracted a constant value from all the data points from Experiment 2, so that the average saccadic rates 
or magnitudes corresponding to the four common image sizes tested in the two experiments were 
equivalent). Both experiments produced the same saccadic continuum from fixation to exploration, 
though Experiment 2 had an expanded range. 
The finding that saccadic magnitudes decrease with scene size is easier to explain, and 
altogether less surprising, than the parallel decrement in saccadic rates. Why should diminish-
ing image sizes lead to progressively lower rates of saccades? Several mutually compatible 
saccadic and microsaccadic properties may account for this rate reduction:  
1) Saccadic latencies to recently attended locations are longer than latencies to locations 
not yet attended. This phenomenon, known as inhibition of return (Klein, 2000), reportedly 
affects microsaccade dynamics (Galfano et al., 2004). Because the exploration of a small area 
is more likely to result in a saccade to a previously visited target, smaller image sizes may 
result in longer saccadic latencies, and thus lower saccadic rates.   
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2) Very small saccades have longer latencies than large saccades (Kalesnykas & Hallett, 
1994). Because very small saccades are more prevalent in small than in large images, decreas-
ing image sizes may result in longer average saccadic latencies, and thus lower saccade rates.  
3) Lack of visual content may explain why saccadic (and microsaccadic) rates are lower 
during the exploration of a blank scene than during that of a natural scene (Otero-Millan et al., 
2008a) (see alsoFigure 3-9). Because limiting the area of exploration reduces the amount of 
visual content, decreasing image sizes may result in progressively lower saccadic rates.  Also, 
because the size of the fovea, the high-resolution portion of the central visual field, is fixed in 
size irrespective of task, sampling small spatial areas with our high-acuity fovea does not re-
quire as many eye movements as exploring larger areas of visual space. 
Critical structures in the brain stem involved with generation of saccades are also related 
to microsaccade generation. Activity of burst neurons in the reticular formation encodes 
microsaccades and saccades (Van Gisbergen & Robinson, 1977). Omnipause neurons in the 
raphe stop firing during both saccades and microsaccades (Brien et al., 2009; Van Horn & 
Cullen, 2012), and population activity in the superior colliculus map generates microsaccades 
and saccades in equivalent fashion (Hafed et al., 2009; Hafed & Krauzlis, 2012). The hypoth-
esis of a fixation-exploration continuum reconciles the dynamics of oculomotor behavior with 
the proposal of a common microsaccade-saccade generator (Hafed et al., 2009; Otero-Millan 
et al., 2011a; Rolfs et al., 2008a), and it moreover elucidates previously unexplained results 
concerning the precise relationship between saccades and microsaccades, such as the finding 
that subjects can make voluntary saccades that are as small as fixational microsaccades 
(Steinman et al., 1973). Thus, our results eliminate the remaining barrier to consolidating sac-
cades and microsaccades as a single type of eye movement.  
Saccadic eye movements are known to play multiple roles in vision, i.e. they foveate 
high interest targets, correct gaze errors, and search and integrate general information about 
the environment to stitch together the perception of a scene (Leigh & Zee, 2006; Yarbus, 
1967b). Likewise, many microsaccade functions have been proposed, including the preven-
tion of visual fading and the restoration of faded visual targets (Martinez-Conde et al., 2006; 
Troncoso et al., 2008a), the control of fixation position (Ditchburn & Ginsborg, 1953; 
Engbert & Kliegl, 2004), and improved visual performance in high acuity tasks (Donner & 
Hemilä, 2007; Ko et al., 2010). Our results point to a similarity in function for microsaccades 
and saccades, and suggest that all the saccadic roles may be common to microsaccades, in-
cluding the scanning and exploration of visual objects and scenes traditionally ascribed to 
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(large) saccades. We note that saccades and microsaccades may have additional task depend-
ent roles in specific situations. For instance, saccades and large microsaccades counteract vis-
ual fading with higher efficacy than the smallest microsaccades (McCamy et al., 2012). 
To sum up, the present results unify classically disparate fixation and exploration behav-
iors as the scanning of the visual world along a common continuum of scale, in which previ-
ously unexplained differences between the dynamics of microsaccades and saccades are elu-
cidated by the differing magnitudes of the objects and scenes viewed. Future research should 
determine whether information acquisition by microsaccades during fixation is comparable to 
that of saccades during exploration (i.e. free-viewing) of very small objects. 
    53 
Chapter 4  
Saccades during attempted 
fixation in neurological 
disorders 
The oculomotor system must calibrate how much the eyes move during fixation. Too lit-
tle movement can lead to fading, and too much motion can lead to blurred and unstable vi-
sion. Impaired fixational eye movements can disturb this fine balance. In this chapter we 
study the saccades occurring during fixation in healthy subjects and also patients with 
parkinsonian disorders and recessive ataxia. Determining how normal fixation differs from 
pathological fixation might aid the differential and early diagnosis of neurological disease as 
well as the quantification of its progression and response to treatment. The results presented 
in this chapter are already published or accepted for publication at this time (Otero-Millan et 
al., 2011c; Otero-Millan, Schneider, Leigh, Macknik, & Martinez-Conde, in press) 
4.1 Distinctive features of saccadic intrusions and 
microsaccades in progressive supranuclear Palsy 
During visual fixation of a stationary target, the eyes are in constant motion: fixational 
eye movements (including microsaccades, drift and tremor) continually change the position of 
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gaze (Martinez-Conde et al., 2004, 2009). In addition, most subjects show saccadic intrusions 
(SIs), predominantly horizontal saccades that “intrude on” or interrupt accurate fixation. 
Square-wave jerks (SWJs) are the most common type of SI, with a typical frequency of one 
SWJ per three seconds in healthy subjects(Abadi & Gowen, 2004; Fletcher & Sharpe, 1986). 
Each SWJ consists of a small, conjugate, mainly horizontal saccade that moves the eye away 
from the fixation target, followed after a short interval by a corrective saccade that returns the 
eye towards the target (Figure 3-1). 
Frequent SWJs are characteristic of some neurological diseases, for instance Friedrich’s 
ataxia and parkinsonian disorders such as progressive supranuclear palsy (PSP) (Fahey et al., 
2008; Leigh & Zee, 2006; Troost & Daroff, 1977). Thus, SWJs are of diagnostic interest to 
the neurologist. 
Microsaccades and SWJs have been considered different oculomotor phenomena due to 
some seemingly dissimilar features. For instance, microsaccades tend to be smaller than SWJs 
and often display an oblique trajectory, whereas SWJs appear to be purely horizontal on clini-
cal inspection (SWJ studies have largely focused on neurological patients, whereas 
microsaccade research is mostly constrained to healthy subjects). Despite these apparent dis-
tinctions, minimally enlarged microsaccades (beyond 15-30 arcmin) tend to produce square-
wave coupling in healthy subjects (Ditchburn & Ginsborg, 1953; Feldon & Langston, 1977; 
Vedel-Jensen, 1966, p. -; Yamazaki, 1968). SWJs and microsaccades have other important 
similarities. For example, they both follow the saccadic peak velocity/magnitude relationship 
and are affected by attention (Gowen et al., 2005; Hafed & Clark, 2002). Gowen et al.(Gowen 
et al., 2007) suggested that “SI and microsaccades may lie on a continuum of fixational insta-
bilities” and “may [be] different names given to the same type of fixational eye movement”, 
proposing that future studies investigate whether both microsaccades and SIs display a corre-
lation between size and coupling. If present, microsaccadic coupling would follow from cur-
rent models of microsaccade generation (Hafed et al., 2009; Rolfs et al., 2008a) (i.e. the visual 
error created by an initial large microsaccade could trigger a corrective saccade in the oppo-
site direction). Here we present the results of such an examination. 
From here on and for clarity’s sake, we will refer to all saccades made during attempted 
fixation as fixational saccades or simply saccades. 
We needed to develop an objective algorithm to characterize SWJs in healthy controls 
and PSP patients, and to distinguish saccades in SWJs from other involuntary fixational sac-
cades. Our primary goal was to identify any differences between saccades and SWJs made by 
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PSP patients vs. healthy subjects. A secondary goal was to test the hypothesis that 
microsaccades and SIs lie on a continuum (if so, it would suggest that microsaccades and SI 
have a common oculomotor substrate (Gowen et al., 2007)). We focused on PSP because it 
causes frequent, large SWJs as well as a predominantly vertical saccadic palsy. 
4.1.1 Methods 
4.1.1.1 Subjects 
We tested three subject groups:The PSP Group comprised 10 patients (5 females, age 
range 58-74, median 66.5 years), diagnosed as probable PSP according to the criteria of the 
NINDS-SPSP study (Litvan et al., 1996); duration of disease was 3-7 years, median 4. Their 
clinical features are summarized in Table 4-1.The first group of control subjects (“Older Con-
trol Group”) comprised 7 age-matched healthy subjects (1 female, age range 58-74, median 
65 years); all had corrected visual acuity better than 20/30. The second group of control sub-
jects (“Younger Control Group”) comprised 7 healthy subjects (5 females, age range 22-38 
years, median 31 years) with normal or corrected-to-normal vision.  
Subject/Sex/Age 
/Disease duration 
Clinical Presentation and ocular motor 
findings 
CNS Medications Date of re-
cord 
PSP01/M/61/4 Falls; difficulty with vertical gaze Slow downward 
saccades; impaired vergence 
None 4/10/07 
PSP02 /M/74/6 Slow speech; loss of balance. Slow vertical sac-
cades; impaired convergence 
None 4/11/07 
PSP03 /F/61/4 Loss of balance and falls. Slow vertical saccades, 
impaired vertical pursuit and vergence 
Levodopa 4/3/07 
PSP04 /F/65/3 Dysarthia; fixed stare; falls Vertical saccades diffi-
cult to initiate and slow; absent vergence 
None 2/13/07 
PSP05 /M/58/5 Falls; difficulty looking up or down   Vertical sac-
cades slow; vertical pursuit and vergence impaired 
Paroxetine 2/27/07 
PSP06 /F/66/4 Dizziness and falls; dysphagia. Vertical saccades 
slow and difficult to initiate; impaired vergence 
None 5/30/07 
PSP07 /F/67/5 Falls; dysphagia; difficulty focusing on things. Slow 
and small vertical saccades; absent vergence 
Donepezil, 
memantine, 
levodopa 
7/10/07 
PSP08 /M/67/3 Falls; dysphagia. Slow vertical saccades; impaired 
vergence 
Fluoxetine, levodo-
pa, donepezil  
7/17/07 
PSP09 /M/70/7 Falls; dysphagia; cannot look down. Slow vertical  
saccades, especially downward 
Levodopa 6/12/07 
PSP10 /F/72/2 Falls; Cannot look up or down. Slow vertical sac-
cades; mild slowing of horizontal saccades; im-
paired vertical pursuit and vergence 
Levodopa 5/22/07 
Table 4-1 Summary of Clinical Features of PSP Patients 
 
The PSP Group and the Older Control Group were tested at the Veterans Affairs Medical 
Center, Case Western Reserve University (Cleveland OH); each subject participated in one 
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experimental session lasting approximately 30 minutes. The Younger Control Group was 
tested during a previously reported study (see (Otero-Millan et al., 2008a), “Blank scene” fix-
ation condition) at the Barrow Neurological Institute (Phoenix, AZ); each subject participated 
in 3 experimental sessions, of about 60 minutes. 
All subjects were naïve to the purpose of the experiments, and gave written informed 
consent in accord with our institutional review boards and the Declaration of Helsinki. 
 
Figure 4-1 Examples of SWJs in control subjects and PSP patients 
SWJs are present in healthy subjects and PSP patients, although they are larger and more prevalent in 
PSP patients. Each trace represents a 5-second recording of horizontal eye positions containing SWJs. 
Top: examples from 3 PSP patients (recorded with a search coil). Bottom: examples from 6 healthy 
subjects (the top 3 traces were recorded with a search coil; the bottom 3 traces were recorded with a 
video-based eye tracking system). Horizontal position and time scales for all traces are as in bottom 
trace.  Notice that the quality of the recordings was comparable for both Control Groups, despite the 
use of different eye-tracking methods. 
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4.1.1.2 Eye-tracking apparatus 
For the subjects studied in Cleveland (PSP Group and Older Control Group), monocular 
or binocular eye movements were obtained using the magnetic field/search coil technique 
(Robinson, 1963); search coils were calibrated on a protractor device prior to each experi-
mental session. Subjects sat in a vestibular chair with their heads stabilized by a chair-fixed 
restraint. Coil signals were low-pass filtered (bandwidth 0-150 Hz) prior to digitization at 500 
Hz with 16-bit precision, as previously described (Ramat, Somers, Das, & Leigh, 1999).  The 
standard deviation of the noise of the coil system was 0.02o.   
One should note that although the magnetic field/search coil technique is precise, it is not 
necessarily accurate: absolute position depends on the subjects directing their foveal line of 
sight at the target. Unfortunately, most PSP patients cannot reliably point their foveal line of 
sight, because of their defect in voluntary gaze. Thus, absolute eye position measurements 
that depend on visually driven eye movements for calibration are inherently unreliable in pa-
tients with PSP. For most experimental purposes, however, it is possible to determine the coil 
signal corresponding approximately to zero eye position in PSP patients, as it predominates 
even in individuals showing frequent SWJs.  
Subjects studied in Phoenix (Younger Control Group) rested their head on a chin-rest 
while their eye position was acquired non-invasively with a fast video-based eye movement 
monitor (EyeLink II, SR Research, Ontario, Canada). The EyeLink II system records eye 
movements simultaneously in both eyes (temporal resolution 500 samples/s; instrument noise 
0.01 deg RMS), in its off-the-shelf configuration. Video tracking techniques are generally less 
precise and accurate than the magnetic field/search coil technique. Thus absolute eye position 
measurements were less reliable for the Younger Control Group than for the Older Control 
Group.  
Despite the stated limitations for measuring absolute eye position, both magnetic/search 
coil and video tracking  techniques reliably detect small saccades (because the detection 
methods depend on relative changes in eye position, rather than on the absolute position of the 
eye). 
Having two control groups with different subject ages and eye-tracking methodology 
was advantageous, as it suggested that the results from control subjects were not likely specif-
ic to either the subjects’ age or the recording system used (see Results section for details). 
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4.1.1.3 Experimental design 
All subjects were asked to maintain gaze fixation during the recordings (minimum fixa-
tion duration: 10s; maximum fixation duration: 120s). In Cleveland (Older Control Group and 
PSP Group), subjects viewed a small target (laser spot subtending 0.1o) placed at central posi-
tion on a tangent screen at 1.4m in an otherwise dark room. Verbal encouragement was pro-
vided to subjects to sustain steady fixation of the small target during the test period, allowing 
occasional blinks. In Phoenix (Younger Control Group), subjects fixated a red cross (0.75 
degrees wide) within a 2 deg x 2 deg window, on a 50% gray background. The cross was pre-
sented on the center of a linearized video monitor, at 57cm. The subjects received auditory 
feedback (a short beep) whenever their gaze left the fixation window for more than 500 ms 
(<500 ms gaze excursions were permitted to allow for blinks). Eye movements exceeding the 
fixation window were also recorded. 
4.1.1.4 Objective saccade characterization 
We identified saccades automatically with an objective detection algorithm (see (Engbert 
& Kliegl, 2003), for details). In those subjects in whom eye position was recorded binocular-
ly, we reduced the amount of potential noise (Engbert, 2006) by considering only binocular 
saccades, that is, saccades with a minimum overlap of one data sample in both eyes (Engbert 
& Mergenthaler, 2006; Engbert, 2006; Laubrock et al., 2005; Otero-Millan et al., 2008a; 
Rolfs et al., 2006; Troncoso et al., 2008a, 2008b).  
Some saccades are followed by a fast small saccadic, oppositely directed, eye movement 
called dynamic overshoot, which is often more prominent for the eye that moves in the ab-
ducting direction (Kapoula, Robinson, & Hain, 1986). Unlike in SWJs, a dynamic overshoot 
follows a saccade without latency between the two movements. We identified dynamic over-
shoots as saccades that occurred less than 20ms after a preceding saccade (Møller et al., 2002; 
Troncoso et al., 2008a, 2008b, 2008b), and considered them part of the preceding saccade (i.e. 
we did not regard them as new saccades). That is, we modified the end point of the previous 
saccade to include the overshoot 
4.1.1.5 An objective algorithm for the automatic detection of SWJs 
We defined a SWJ as the combination of one small saccade that moves the eye away 
from the fixation target, followed after a short period  by a second corrective saccade directed 
back towards the target (Abadi & Gowen, 2004; Leigh & Zee, 2006; Martinez-Conde et al., 
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2006) (Figure 4-2).  To characterize SWJs in an objective manner, we first identified all indi-
vidual saccades up to 5 degrees (Engbert & Kliegl, 2003); see “Objective saccade detection” 
section above. We chose this 5-degree upper magnitude threshold to include the range of SWJ 
magnitudes reported by (Abadi & Gowen, 2004) (0.1-4.1 deg) in healthy subjects, and to also 
allow for potentially larger SWJs magnitudes in PSP patients.  
SWJs have three defining characteristics: a) the two saccades have (approximately) op-
posite directions, b) both saccades have similar magnitudes, and c) the two saccades are sepa-
rated by a short interval. We developed an objective algorithm to establish, automatically, 
whether a pair of consecutive saccades constituted a SWJ or not. To do this, we created a 
SWJ index that measured how similar a given saccade pair was to an “ideal SWJ”.  The SWJ 
index combined the three defining characteristics of SWJs described above:  a) the direction 
dissimilarity of first and second saccade, b) the magnitude similarity of first and second sac-
cade, and c) the temporal proximity of first and second saccade, in a single, continuous varia-
ble for each saccade pair. If a saccade pair’s SWJ index was larger than a given threshold we 
classified the pair as a potential SWJ. 
For a pair i of consecutive saccades, we calculated the direction dissimilarity between 
saccade 1 and saccade 2, Di = directioni1 - directioni2 (Figure 4-2A), the magnitude similari-
ty between the two saccades, Mi = (magnitudei1– magnitudei2)/( magnitudei1 + magnitudei2) (Figure 4-2B), and the temporal proximity or interval between the two sac-
cades, Ii = endi1 - starti2 (Figure 4-2C).  
We defined the SWJ index for the saccade pair i as: 
 SWJindexi  =  fD(Di) ∗  fM(Mi) ∗  fI(Ii) (4-1) 
The functions fD, fM and fI measure how similar Di, Mi and Ii are to those in an ideal 
SWJ, and can be thought of  as a measure of the probability of a SWJ with characteristics Di, 
Mi and Ii (i.e. the most likely SWJs are those closer to the ideal SWJ). We fitted the probabil-
ity distributions of D, A and I with common distributions (i.e. Gaussian mixture and ex-
Gaussian) to estimate the parameters of fD, fM and fI.  We calculated these distributions us-
ing data from pairs of consecutive saccades from the PSP Group. SWJs in the PSP group were 
very prevalent and exhibited large magnitudes, which facilitated their characterization. In-
deed, SWJ index was higher on average in the PSP group than in the control groups (Figure 
4-2G, H, I). The direction dissimilarity distribution was bimodal (Figure 4-2D), so we could 
discard all pairs of consecutive saccades with approximately the same direction. To calculate 
the fits of the distributions we used only saccade pairs in which the directions of first and se-
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cond saccade differed substantially (i.e. between 90 and 270 degrees). All the fits were calcu-
lated using maximum likelihood estimation. 
We fitted the direction dissimilarity distribution with a mixture of two Gaussians (Figure 
4-2D).  This resulted in a mixture of two Gaussians with almost the same mean (180 degrees) 
but different standard deviations, corresponding to the tails (30 degrees) and to the central 
part of the distribution (7 degrees) and with relative weights 0.4 and 0.6. If FD(D) is the dis-
tribution function given by the fit, and Dideal SWJ = 180 degrees is the direction difference in 
an ideal SWJ, we defined 
 fD(Di) = �1 − FD(Di)if Di ≥ Dideal SWJFD(Di)if Di < Dideal SWJ   (4-2) 
We fitted the magnitude similarity distribution with a mixture of two Gaussians (Figure 
4-2E).  This resulted in a mixture of two Gaussians with almost the same mean (0) but differ-
ent standard deviations, corresponding to the tails (0.39) and to the central part of the distribu-
tion (0.16), and with relative weights 0.4 and 0.6. If FM(M) is the distribution function given 
by the fit, and Mideal SWJ = 0 is the magnitude similarity index in an ideal SWJ, we defined  
 fM(Mi) = �1 − FM(Mi)if Mi ≥ Mideal SWJFM(Mi)if Mi < Mideal SWJ   (4-3) 
We fitted the intersaccadic interval (ISI) distribution with an ex-Gaussian function 
(Otero-Millan et al., 2008a) (Figure 2F).  This resulted in an ex-Gaussian distribution FI with 
mean 120 ms, standard deviation 60 ms and tau 180 ms. If FI(I) is the distribution function 
given by the fit, and Iideal SWJ = 200 is the ISI in an ideal SWJ, we defined  
 fI(Ii) = �1 − FI(Ii)if Ii ≥ Iideal SWJFI(Ii)if Ii < Iideal SWJ   (4-4) 
Finally, we determined the threshold that would establish if the SWJ index of a given 
saccade pair corresponded to that of a potential SWJ. We calculated the SWJ index of the 
same saccade pairs we used to estimate the fits. Then, we used a k-means algorithm to cluster 
all the pairs in two groups, one with high SWJ indices and one with low SWJ indices. Our 
SWJ index threshold was the boundary between the two groups, in this case 0.0014. 
Thus we were able to identify the saccade pairs that met the SWJ criterion. However, it 
was possible for a single saccade to be part of two different SWJs (that is, a given saccade 
could be both the second saccade of a given SWJ and the first saccade of the next SWJ), as it 
might occur with a series of “SWJ oscillations” (Leigh & Zee, 2006). To avoid this possibil-
ity, we identified all the sequences of consecutive SWJs that were connected by shared sac-
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cades and set up a rule that assigned each saccade to a unique SWJ, as follows:  (A) we as-
signed the first two saccades to the first SWJ, the next two saccades to the second SWJ, et 
cetera, or (B) we skipped the first saccade and assigned the next two saccades to the first 
SWJ, and so on. We applied (A) or (B) to each SWJ sequence as to maximize the total SWJ 
index. Table 4-2 summarizes the characteristics of all SWJs automatically detected with our 
algorithm in each subject group. 
One should note that the algorithm does not assume a bias in the direction of the SWJs 
(for instance, there is no presumption that SWJs must be comprised of horizontal saccades). 
However, the algorithm identifies SWJs that are almost exclusively horizontal in both patients 
and controls (serving as a validity check of the algorithm, see Results).   
The SWJ detection algorithm is freely available for download at: 
http://smc.neuralcorrelate.org/software/swj/ 
The methods described allowed us to detect saccades both inside and outside SWJs. By 
“saccades inside SWJs”, or “SWJ saccades”, we refer to the two saccades that define a com-
plete SWJ (that is, an initial saccade that moves the eye away from the fixation target, fol-
lowed by a second, corrective saccade back towards the target). By “saccades outside SWJs”, 
or “non-SWJ saccades”, we refer to any other saccades that are not part of SWJs, including 
fixational microsaccades. 
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Figure 4-2 Objective  SWJ characterization 
We calculated an index that combined the following defining characteristics of SWJs:  a) the first and 
second saccades should have (approximately) opposite directions, b) both saccades should have similar 
magnitudes, and c) the two saccades should be separated by a short interval. Top row: SWJ character-
istics. (A) The direction dissimilarity of first and second saccades. (B) The magnitude similarity of first 
and second saccades. (C) The temporal proximity of first and second saccades. Middle row: Distribu-
tions of SWJ characteristics for saccade pairs in PSP patients and fits used to calculate the SWJ index. 
(A) Distribution of the direction difference between first and second saccade for all consecutive sac-
cade pairs. The yellow curve represents the fit of the Gaussian mix distribution. Empty bars show the 
distribution of saccades not used to calculate the fits. (B) Distribution of the relative magnitude differ-
ence between first and second saccade for all consecutive saccade pairs (i.e. percentage ratio of the 
magnitude difference of first and second saccade as compared to the added magnitude of both sac-
cades). The yellow curve represents the fit of the Gaussian mix distribution.  (C) Distribution of ISIs 
for all consecutive saccade pairs. The yellow curve represents the fit of the ex-Gaussian distribution.  
Bottom row: Relationship of each SWJ characteristic to the SWJ index. The SWJ index was higher in 
the PSP Group for each SWJ characteristic, indicating more perfect SWJs. (A) Relationship of the di-
rection dissimilarity (for saccade pairs potentially forming SWJs) to the SWJ index. (B) Relationship 
of the magnitude similarity index (for saccade pairs potentially forming SWJs) to the SWJ index. (C) 
Relationship of the temporal proximity or ISI (for saccades pairs potentially forming SWJs) to the SWJ 
index. 
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4.1.1.6 ROC analsyis 
We used an ROC (Receiver Operating Characteristic) analysis (Green & Swets, 1966, 
1989) to quantify how well different SWJ properties, such as rate, magnitude, and direction, 
may predict which group a given subject belonged to (PSP patient or healthy control). This 
analysis makes no assumptions about the underlying distributions (Green and Swets, 1966). 
To obtain the ROC curve, we plotted the probability of true positives as a function of the 
probability of false positives for all possible criterion levels. The area under the ROC curve 
provides a measure of the discriminability of two signals, and is directly related to the overlap 
of the two distributions of the property that is being compared (Green & Swets, 1966). In our 
case, the area under the ROC curve can be interpreted as the probability with which an ideal 
observer, given a SWJ property from a subject, can correctly determine if the subject suffers 
from PSP or not. An area of 0.5 corresponds to completely overlapping distributions (the ide-
al observer cannot discriminate between the two groups); an area of 1 corresponds to groups 
that can be perfectly discriminated based on the specific property. To determine if the value of 
the area under the curve was better than chance, we calculated significance using a permuta-
tion procedure (Britten, Shadlen, Newsome, & Movshon, 1992; Green & Swets, 1966; Romo, 
Hernández, & Zainos, 2004), using n=1,000 shuffles and a criterion p < 0.01. We also calcu-
lated the “optimal working point” for each of the SWJ properties considered. The “optimal 
working point” is the threshold that minimizes the ideal observer’s errors (simplified case 
where costs of errors and prevalence of disease are not considered). It corresponds to the point 
in the ROC curve where a line with slope one touches the. 
4.1.2 Results 
4.1.2.1 Comparison of SWJ saccades and non-SWJ saccades 
A SWJ consists of two saccades of opposing directions. We compared the dynamic 
properties of saccades in SWJs to those of other fixational saccades (up to 5 degrees) that 
were not part of SWJs, in PSP patients and in healthy participants (Figure 4-3). SWJ saccades 
followed the same peak velocity/magnitude relationship as non-SWJ saccades in all subject 
groups. However, the slopes of the linear fits were lower (both for SWJ and non-SWJ sac-
cades) in the PSP Group than in the Control Groups (Figure 4-3, 1st row).  This indicated that 
all saccades (both inside and outside SWJs) are slower overall in PSP patients than in healthy 
participants.  
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Saccade magnitudes (both inside and outside SWJs) were larger in the PSP Group than 
in the Control Groups (Figure 4-3, 2nd row). 
 
Figure 4-3 Saccades in SWJs compared to other small saccades (up to 5 deg in size) not in SWJs 
Top row. Saccadic peak velocity/magnitude relationships for the three subject groups. Saccades in 
SWJs and saccades not in SWJs follow the same peak velocity/magnitude relationship in each subject 
group. The slope of the main sequence linear fit is clearly lower for the PSP patients than for the con-
trol groups, indicating slower saccades. Middle row. Saccade magnitude distributions for the three sub-
ject groups. 96% of all saccades in the control groups are below 1 degree in size. In contrast, the PSP 
group exhibits a wide distribution of saccade magnitudes, up to 3-4 degrees. Bottom row. Polar histo-
grams of saccade directions for the three subject groups. Saccades in SWJs are exclusively horizontal 
for the three groups. Only the control groups show a significant amount of vertical saccades (not in 
SWJs). 
Saccades in SWJs were predominantly horizontal in all three subject groups. Small sac-
cades with vertical components (outside SWJs) were observed in the Control Groups, but not 
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in the PSP Group (Figure 4-3, 3rd row), consistent with the vertical saccadic palsy that is a 
feature of PSP.  Since these analyses produced equivalent results in both Control Groups, de-
spite differences in subjects’ age and eye-tracking methodology, we considered all control 
subjects together for the remainder of the study.  
The above findings (i.e. that all saccades in PSP patients follow the peak veloci-
ty/magnitude relationship but are slower, larger and more horizontal than in controls) could 
indicate that all saccades in PSP are affected in a similar fashion, and that PSP patients do not 
produce regular fixational saccades (i.e. microsaccades). To address this, we compared the 
magnitude, peak velocity and vertical component of SWJ saccades to those of non-SWJ sac-
cades in PSP patients and found no significant differences (Figure 4-4A-C, red bars). In the 
case of the control subjects, SWJ saccades were significantly different from non-SWJ sac-
cades in all 3 properties (Figure 4-4A-C, blue bars). 
We also compared the ISIs between the two saccades forming a SWJ (Intra-SWJ ISIs) 
and between consecutive saccades not forming a SWJ (Inter-SWJ ISIs) in patients and con-
trols (Figure 4-4D). Both patients and controls presented shorter Intra-SWJ than Inter-SWJ 
ISIs. However, the Intra-SWJ ISIs were equivalent for patients and controls (Figure 4-4D, 
Table 4-2), consistent with the idea that the same coupling mechanism is responsible for 
SWJs in PSP patients and in healthy subjects. 
A number of studies have proposed that an enlargement of horizontal fixational saccades 
(microsaccades) produces square-wave coupling in healthy subjects (Ditchburn & Ginsborg, 
1953; Feldon & Langston, 1977; Gowen et al., 2007; Vedel-Jensen, 1966; Yamazaki, 1968). 
To confirm this possibility we calculated the likelihood of a saccade being part of a SWJ as a 
function of its magnitude. Figure 4-4E shows that microsaccade magnitude is positively cor-
related with SWJ coupling, and that the correlation is similar for PSP patients and controls.  
To our knowledge, this is the first systematic study of the relationship between magnitude of 
fixational saccades and SWJ coupling, and it shows that a large fixational saccade is usually 
followed by a second corrective saccade, thus resulting in a SWJ. Finally, we found a correla-
tion between saccade magnitude and (lack of) vertical component (Figure 4-4F). Saccades 
tended to be more horizontal as their magnitude increased, especially in the PSP group. Figure 
4-4G exemplifies SWJ coupling for large but not small saccades in one subject. 
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Figure 4-4 Large fixational saccades form SWJs 
A,B,C) Comparison of the properties of SWJ saccades and non-SWJ saccades for PSP patients and 
controls. D) Comparison of ISIs inside and outside SWJs for PSP patients and controls. E) Parametric 
relationship between the magnitude of saccades and their likelihood of being part of a SWJ. F) Rela-
tionship between saccade magnitude and vertical component. Asterisks indicate statistical significance 
(paired t-test across subjects; p ≤ 0.01). C,F) To calculate the vertical component of saccades of differ-
ent sizes we first normalized the magnitude of all saccades to one degree. G) Examples of square-wave 
coupling for large but not small saccades. A 4-second horizontal eye position trace is illustrated for one 
subject (Older Control Group). The red arrows point to pairs of larger saccades forming SWJs. The 
green arrows point to unpaired smaller saccades. 
4.1.2.2 Differentiation of PSP patients and healthy controls based on saccade 
and SWJ properties 
The SWJ detecting algorithm can be used to automatically extract and compare several 
SWJ properties between PSP patients and control subjects: rate, magnitude, peak velocity, 
size of vertical component, ISI, difference in the direction between first and second saccade, 
and percentage of saccades that are part of SWJs. Table 4-2summarizes comparisons between 
PSP patients and control subjects. Both the rate and magnitude of SWJs were significantly 
greater in PSP patients than in control subjects. The average peak velocity of saccades in 
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SWJs was also greater in PSP patients than in controls, reflecting their larger size. However, 
the vertical component of SWJs was smaller in PSP patients than in controls. The average ISI 
between the first and the second saccade of a SWJ did not differ between PSP patients and 
controls. The difference in direction between the first and the second saccades of SWJs was 
less variable in PSP patients than in control subjects. Finally, the percentage of saccades that 
formed SWJs was larger in PSP patients than in controls.  The vertical component of non-
SWJ saccades was much smaller in PSP than controls. The interval between non-SWJ sac-
cades was decreased in PSP. When all saccades were considered (, bottom row), PSP patients 
made more frequent, larger and faster movements, with smaller vertical components, and 
shorter ISIs.  
 SWJ saccades Non-SWJ saccades All Saccades 
 Controls PSPs  Controls PSPs  Controls PSPs  
Rate (N/s) 0.2±0.1 0.8±0.1 * 0.7±0.1 0.6±0.1  1.1±0.2 2.1±0.2 * 
Number of SWJs 400±200 90±20 - 2000±1000 300±100 - 2000±1000 300±100 - 
Magnitude (deg) 0.6±0.1 1.4±0.2 * 0.42±0.04 1.3±0.2 * 0.46±0.04 1.4±0.2 * 
Peak Velocity (deg/s) 47± 4 70±10 * 36± 3 70±10 * 39± 3 70±10 * 
Vertical comp (nor-
malized) 
0.37±0.04 0.14±0.02 * 0.59±0.03 0.20±0.04 * 0.52±0.04 0.16±0.03 * 
Intra-SWJ ISI (ms) 290±10 280±10        
Inter-SWJ ISI (ms) 1100±200 500±100 *       
SWJ Std of Direction 
difference 
21± 1  9± 2 *       
Percent of saccades 
in SWJs 
30±10 70±10 *       
Table 4-2 Characteristics of SWJs  
Averages and inter-subject SEMs are indicated for each parameter tested. Asterisk indicate p-values < 
0.01 (t-test). To calculate the vertical component of saccades of different sizes we first normalized the 
magnitude of all saccades to one degree. 
We used ROC analyses to determine whether the various SWJ and saccade properties 
tested above could be used to discriminate across subject populations. The area under the 
ROC curve serves as a measure of each property’s performance as a discriminator (Green & 
Swets, 1966, 1989; Zweig & Campbell, 1993) (Figure 4-5). Except for the intra-SWJ ISI, all 
SWJ properties performed significantly better than chance when discriminating between pa-
tients and healthy controls. However, the property that performed best as a discriminator was 
the average vertical component of non-SWJ saccades. ROC analysis also offered thresholds 
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for each of the properties tested (the “optimal working point”), which can be used as an indi-
cator of whether a given subject suffers from PSP or not (see Methods for details).  
 
Figure 4-5 ROC analysis 
We used ROC analyses to evaluate the performance of the different SWJ and saccade properties as a 
test to discriminate between the PSP and the control populations. The area under the ROC curve serves 
a measurement of this performance. Left column. ROC curves for the different properties, for SWJs 
(top), non-SWJ saccades (middle) and all saccades (bottom). The optimal working point in each curve 
is represented with a circle and the corresponding value (threshold) appears in the inset table. Middle 
column. List of SWJ and saccade properties tested, with respective thresholds. Right column. Area un-
der the ROC curve for each SWJ and saccade property. Solid bars represent the area under the curve; 
empty bars indicate the level necessary to reach significance (0.01 level) over chance (determined by 
permutation analysis). To calculate the vertical component of saccades of different sizes we first nor-
malized the magnitude of all saccades to one degree. 
It is interesting to note that ISI performed better than chance (both in the ROC analysis 
and in the two-tailed t-test) only when we considered the intervals between non-SWJ sac-
cades, or between all saccades (both inside and outside SWJs), but not between SWJ saccades 
(i.e. the intra-SWJ ISIs). Thus, it may be that an increase in SWJ rate results in shorter inter-
SWJ ISIs, while intra-SWJ ISIs stay constant. If so, the intra-SWJ ISI may be an intrinsic 
characteristic of SWJs and thus related to the neural circuit responsible for the coupling of 
large fixational saccades. 
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4.1.3 Discussion 
We set out to determine whether fixational saccades and SWJs made by PSP patients 
showed different features from those made by controls. We confirmed prior reports that SWJs 
are larger and more frequent in PSP, but also found a more distinctive characteristic: all sac-
cades (inside and outside SWJs) showed markedly smaller vertical components in PSP pa-
tients than in controls. Our findings are consistent with the idea that all fixational saccades 
(including both microsaccades and SI) are essentially the same phenomena. Because large 
saccades are more likely to be coupled in a SWJ, the higher rate of SWJs in PSP may be the 
direct result of a pathological increase in fixational saccade magnitudes in these patients. 
First, we compare properties of SWJs in control subjects and PSP patients. Second, we de-
scribe differences between microsaccades and SWJs in both groups. Third, we discuss the 
possible substrate for SWJs and their clinical significance. 
4.1.3.1  Comparison of SWJs in PSP patients and control subjects 
SWJs made by PSP patients were larger and more frequent than SWJs made by controls. 
However, our patients had an established diagnosis of PSP, with a median duration of 4 years, 
so it remains to be proven whether SWJs made by patients earlier in their disease course are 
distinguishable from SWJs made by healthy subjects. Future research should moreover estab-
lish whether SWJs made by patients with other parkinsonian disorders, such as multiple sys-
tem atrophy (Pinnock, McGivern, Forbes, & Gibson, 2010; Rascol et al., 1991), or cerebellar 
conditions such as Friedreich’s ataxia, can be distinguished on this basis.  Such studies seem 
justified (Antoniades, Bak, Carpenter, Hodges, & Barker, 2007; Garbutt et al., 2004; Pinnock 
et al., 2010; Rascol et al., 1991). In our analyses, the most powerful discriminator – evident 
during ROC analysis (Figure 4-5), was the size of vertical components of saccades.   
4.1.3.2 The relationship between SWJs and microsaccades 
Are microsaccades and SWJs part of a continuum? In other words, are microsaccades 
and SWJs “alternate descriptions for the same underlying phenomena” (Gowen et al., 2007)? 
Gowen and colleagues have argued that the distinction between microsaccades and SIs is fun-
damentally methodological: Low-resolution eye-trackers in early SI studies may have con-
tributed to the larger magnitudes and smaller rates found in SIs vs. microsaccades. Addition-
ally, SI studies usually set minimum magnitude thresholds to ≥ 0.5 deg, thus arbitrarily ex-
cluding many small fixational saccades (Herishanu & Sharpe, 1981; Salman, Sharpe, Lillakas, 
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& Steinbach, 2008; Shallo-Hoffmann, Petersen, & Muhlendyck, 1989; Shallo-Hoffmann, 
Sendler, & Muhlendyck, 1990). Further, SIs studies typically count the first and second (re-
turn) saccade as a single SI, whereas most microsaccade studies count the return saccade as a 
separate microsaccade.  
The proposal that microsaccades and SIs are essentially the same phenomenon with two 
different names is supported by their common peak-velocity relationship (Figure 4-3, top 
row) and their similar modulation by attention and task instructions (Gowen et al., 2005; 
Hafed & Clark, 2002). Both microsaccades and SWJs can be voluntarily and transiently sup-
pressed during strict fixation (Ciuffreaa, Kenyon, & Stark, 1979; Herishanu & Sharpe, 1981), 
and we show here for the first time that both SWJs and microsaccades counteract visual fad-
ing during fixation.  
Other evidence points to dissimilarities between microsaccades and SWJs, however. 
First, even when SWJs and microsaccades are measured with the same exact methods (as in 
the current study), SWJs saccades tend to be larger than microsaccades. Second, intra-SWJ 
ISIs vary little in comparison with the more variable ISIs of microsaccades (Engbert & Kliegl, 
2004; Engbert & Mergenthaler, 2006). These apparent differences can be explained by two 
complementary mechanisms: one to generate fixational saccades and another to produce 
SWJs when the first saccade is too large (Figure 4-4C).  Finally, healthy subjects produce ver-
tical and oblique saccades outside of SWJs, and mainly horizontal saccades inside SWJs 
(Figure 4-3, bottom row), perhaps because fixation saccades become more horizontal as their 
magnitude increases (Figure 4-4D).  
Our results support the idea of a continuum between microsaccades and SIs (or at least 
between microsaccades and SWJs). Future studies should investigate the relationship between 
microsaccades and other types of saccadic intrusions. 
4.1.3.3 Possible neural substrate for saccades during attempted fixation  
Behavioral evidence from human studies supports a common neural mechanism for the 
generation of saccades and microsaccades. Otero-Millan et al. (2008) found equivalent ISI 
distributions for exploratory saccades and microsaccades. Rolfs et al. (Rolfs et al., 2006; 
Rolfs, Laubrock, & Kliegl, 2008b) found that microsaccades interact temporally with subse-
quent large saccades made to a target, and proposed a common coding of microsaccades and 
saccades in the superior colliculus (SC) motor map. Gowen et al. (Gowen et al., 2007) found 
that exogenous and endogenous attention modulate both SIs and microsaccades, also support-
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ing a common involvement of the SC. The predictions from the above studies were validated 
by Hafed et al. (Hafed et al., 2009), who recently showed that the SC’s rostral pole is active 
before and during microsaccades. Van Gisbergen et al. (Van Gisbergen & Robinson, 1977) 
had previously found that burst neurons in the brainstem are active during saccades and 
microsaccades, and Brien et al. (Brien et al., 2009) recently showed modulations in the activi-
ty of omnipause neurons during microsaccade generation. Similar microsaccade-generating 
circuits may be at play in other vertebrate species. For instance, Delgado-Garcia et al. record-
ed extraocular motoneuronal activity during some putative microsaccades in the alert cat 
(Delgado-Garcia, Del Pozo, & Baker, 1986). (See (Martinez-Conde & Macknik, 2008) for a 
comparative review of the known dynamics, physiology and perceptual effects of fixational 
eye movements across vertebrates).  
SWJs occur in most people and are especially prevalent in patients suffering from vari-
ous neurological conditions that affect the cerebral hemispheres (Sharpe, Herishanu, & White, 
1982), the basal ganglia (Rascol et al., 1991) or the cerebellum (Dale, Kirby, & Jampel, 
1978). Elidan et al. (Elidan, Gay, & Lev, 1984) stated that “SWJ are not necessarily associat-
ed with CNS pathology and may be a normal phenomenon […] a pathological increase of the 
ocular fixation movements normally present [...] rather than evidence of a localized lesion in 
the CNS”. If this idea is correct, any enlargement of fixational saccades, whether pathological 
or not, should lead to SWJs. 
Our results support the notion that SWJs result from a normal mechanism (common to 
patients and healthy subjects) that couples large fixational saccades with return saccades. PSP 
patients and control subjects had equivalent Intra-SWJ ISIs (Table 4-2) and showed similar 
increases in the likelihood of SWJs after large saccades (Figure 4-4C). SWJ coupling follows 
from current models of microsaccade generation, in that the error created by the initial 
microsaccade could trigger a corrective saccade (Cornsweet, 1956; Hafed et al., 2009; Mar-
tinez-Conde et al., 2004, 2009; Rolfs et al., 2008a; Rolfs, 2009). Our present findings do not 
provide an indication as to whether SWJ coupling might result from an error signal in the SC, 
the cerebellum, and/or a different structure. Future studies should determine if patients affect-
ed with other neurological conditions have the same intra-SWJ ISIs and size-dependent sac-
cadic coupling as PSP patients.   
What produces the frequent, large SWJs in the PSP patients? First, it may represent a re-
sponse to combat the increased risks of sensory adaptation consequent on voluntary gaze pal-
sy in PSP. Second, SJWs could be an adaptive mechanism to promote (non-fixational) verti-
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cal saccades; the latter are speeded up when they occur synchronously with SWJs (Garbutt et 
al., 2004). A third possibility is that frequent SWJs in PSP may be due to changes in the cere-
bellum and its output through the superior cerebellar peduncle, both of which are affected in 
PSP (Dickson, Ahmed, Algom, Tsuboi, & Josephs, 2010). Thus, SWJs are prominent in cer-
tain cerebellar disorders, such as Friedreich’s ataxia (Fahey et al., 2008) , in which vertical 
saccades may be of normal speed and the midbrain is spared. The mechanisms for prominent 
SWJ in some cerebellar disorders is unclear, but might reflect a disturbance of the mechanism 
by which cortical Purkinje cells suppress visual prompts to make a saccade at the level of the 
fastigial nuclei (Serra et al., 2008). Fourth, frequent, large SWJs in PSP might be, as noted 
above, due to an enlargement of fixation saccades because of impaired inhibition of the SC by 
the substantia nigra pars reticulata. Future studies will aim to find a model of the SWJ cou-
pling mechanism and the abnormal saccade magnitudes found in the different diseases. 
4.1.3.4 Conclusions 
We have developed analytic tools to objectively identify and characterize SWJs, and 
found clear differences between the size and frequency of SWJs made by healthy subjects and 
patients with PSP. However, the most distinctive characteristic is that small saccades lose 
their vertical component in PSP, and this property may help clinicians differentiate PSP from 
other parkinsonian or cerebellar disorders that show involuntary saccades during attempted 
fixation. We have also shown that as microsaccades become larger they are more likely to be 
followed by a corrective saccade, forming a SWJ. Finally, PSP patients and controls showed 
equivalent intra-SWJ ISIs, indicating a common neural substrate for the generation of normal 
and pathological SWJs. We conclude that microsaccades and SIs are essentially the same 
phenomena, and that SWJs are generated by a common coupling mechanism in PSP patients 
and healthy observers.  
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4.2 Fixation in parkinsonian disorders and recessive ataxia: 
from microsaccades to square-wave-jerks 
During attempted visual fixation of a stationary target, saccadic intrusions (predominant-
ly horizontal saccades that “intrude on” or interrupt accurate fixation) and fixational eye 
movements (including microsaccades, drift and tremor) continuously change the position of 
gaze (Abadi & Gowen, 2004; Leigh & Zee, 2006; Martinez-Conde et al., 2004).  
Microsaccades, which  counteract perceptual fading resulting from sensory adaptation (Mar-
tinez-Conde et al., 2006, 2009; Martinez-Conde & Macknik, 2007; McCamy et al., 2012; 
Troncoso et al., 2008a), are too small (often < 0.5 deg) to be evident during clinical examina-
tion. Square-wave jerks (SWJs), a type of saccadic intrusion consisting of a small saccade 
away from the fixation target, followed by a corrective saccade back towards the target, can 
be large enough to be evident clinically. SWJs occur in normal, healthy humans (Abadi & 
Gowen, 2004; Rascol et al., 1991), but are a clinically prominent feature–due to increased 
frequency and magnitude–in a number of neurological diseases, especially parkinsonian dis-
orders (Rascol et al., 1991) and recessive spinocerebellar ataxias (Fahey et al., 2008). 
We recently studied microsaccades and SWJs in healthy controls and patients with pro-
gressive supranuclear palsy (PSP), a parkinsonian disorder in which SWJs are a feature of the 
clinical syndrome (Chen et al., 2010; Otero-Millan et al., 2011b). Microsaccade magnitude 
was correlated with SWJ coupling in both healthy subjects and PSP patients; that is, larger 
microsaccades were more likely to trigger return saccades, and thus form SWJs, than smaller 
microsaccades. These findings, taken with prior studies, are consistent with the idea that sac-
cadic intrusions and microsaccades are essentially the same type of eye movement (Gowen et 
al., 2007; Otero-Millan et al., 2011b). Moreover, our data indicated that a common mecha-
nism can account for the generation of microsaccades and SWJs, and explained how the posi-
tion error following from a large first saccade could trigger the return saccade in SWJs, both 
in the healthy brain and in PSP (Otero-Millan et al., 2011a). We also found that 
microsaccades and SWJs in PSP were slow and had a reduced vertical component, consistent 
with the vertical saccadic palsy that distinguishes PSP patients from those with other 
parkinsonian-dementia syndromes, and may result from damage to the midbrain regions that 
produce vertical saccades (Boxer et al., 2012). Midbrain involvement appears to be distinct 
from the mechanism that leads to frequent SWJs, and may reflect impaired inhibition of the 
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superior colliculus by basal ganglionic circuits, especially substantia nigra, pars reticulata 
(SNpr) (Watanabe & Munoz, 2011). 
Here we studied representative patients with other disorders characterized by clinically 
evident saccadic intrusions, including idiopathic Parkinson’s disease (PD), multiple system 
atrophy (MSA), corticobasal syndrome (CBS), and a form of recessive spinocerebellar ataxia. 
Our goals were: (1) to determine if a common oculomotor mechanism (Otero-Millan et al., 
2011a) might explain the generation of microsaccades and saccadic intrusions (particularly 
SWJs) over a broad range of movement disorders, and (2) to identify distinguishing features 
of fixational saccades that might aid correct diagnosis of each condition. From here on, for 
simplicity, we will refer to all saccades made during attempted fixation, regardless of size, as 
fixational saccades or, simply, saccades. 
4.2.1 Methods 
4.2.1.1 Subjects 
Five subject groups participated in the experiments: The PSP group comprised 10 pa-
tients (5 females, age range 58-74, median 66.5 years) diagnosed as probable PSP according 
to the criteria of the NINDS-SPSP study (Litvan et al., 1996). The PD group comprised 4 pa-
tients (1 female, age range 67-80) scaled in the Hoehn-Yahr Scale  for Parkinsons’ disease 
(Hoehn & Yahr, 1967). The CBS group comprised 2 patients (1 female, ages 71 and 79), di-
agnosed in accord with the criteria of Boeve and colleagues (Boeve et al., 1999). The MSA 
group comprised 2 patients (1 female, ages 68 and 71), diagnosed in accord with the criteria 
of Gilman and colleagues (Gilman et al., 2008).The recessive ataxia group comprised two 
brothers (ages 57 and 61) with spinocerebellar ataxia with saccadic intrusions (SCASI – 
(Swartz et al., 2003)). The Control group comprised 14 subjects: 7 age-matched healthy sub-
jects (1 female, age range 58-74, median 65 years,  visual acuity better than 20/30 ) and 7 
younger controls (5 females, age range 22-38 years, median 31 years, normal or corrected-to-
normal vision). Data from the PSP and Control groups were reported  in (Otero-Millan et al., 
2011b, 2008a). We previously established that age-matched and younger controls had equiva-
lent gaze dynamics (i.e. saccadic magnitude and direction distributions) (Otero-Millan et al., 
2011b); thus in the present study we considered all control subjects together. Table 4-3 sum-
marizes the clinical features of all participating patients. The patient groups and the aged-
matched controls were tested at the Veterans Affairs Medical Center, Case Western Reserve 
University (Cleveland OH); each subject participated in one experimental session lasting ap-
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proximately 30 minutes. The younger controls were tested at the Barrow Neurological Insti-
tute (Phoenix, AZ); each subject participated in 3 experimental sessions, of about 60 minutes. 
All subjects were naive to the purpose of the experiments, had the capacity to consent, and 
gave written informed consent in accordance with the Cleveland Veterans Affairs Medical 
Center Institutional Review Board or the St. Joseph's Hospital and Medical Center Institution-
al Review Board, and with the Declaration of Helsinki. No research was conducted outside of 
the country of residence of the authors (USA). 
 
Figure 4-6 Examples of saccadic intrusions in a control subject, a PSP patient, a PD patient, a 
CBS patient, a MSA patient and a SCASI patient 
SWJs were present in all subject groups, although they were smaller and less frequent in healthy con-
trols. Each trace represents a 5 s recording of horizontal eye positions containing SWJs. Horizontal po-
sition and timescales for all traces are as in bottom trace. 
4.2.1.2 Recordings 
For patients and age-matched controls, eye movements were recorded monocularly (5 
Controls, 4 PSP, 2 PD, 2 SCASI) or binocularly (1 Control, 6 PSP, 2 PD, 2 CBS, 2 MSA) 
with the magnetic field/search coil technique (Robinson, 1963); search coils were calibrated 
on a protractor device prior to each experimental session. Subjects sat in a vestibular chair 
with their heads stabilized by a chair-fixed restraint. Coil signals were low-pass filtered 
Control
PSP
PD
CBS
MSA
SCASI 1 deg
1 sec
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(bandwidth 0-150 Hz) prior to digitization at 500 Hz with 16-bit precision, as described pre-
viously (Ramat et al., 1999).  The standard deviation of the noise of the coil system was 0.02 
deg. The younger controls rested their head on a chin-rest while their eye position was ac-
quired non-invasively with a fast video-based eye movement monitor (EyeLink II, SR Re-
search, Ontario, Canada). The EyeLink II system records eye movements simultaneously in 
both eyes (temporal resolution 500 samples/s; instrument noise 0.01 deg RMS).   
Subject/Sex/Age 
/Disease duration 
Clinical Presentation and ocular motor find-
ings 
CNS Medications Date of 
record 
PD1/F/73/3 HYS 3/Saccades - normal speed, mild hypometria  Levodopa/carbidopa 1/9/2003 
PD2/M/80/2 HYS 3/ Saccades - normal speed, mild hypometria Levodopa/carbidopa 1/8/2002 
PD3/M/67/6 HYS 3/Saccades –normal speed, mild hypometria Levodopa/carbidopa 2000 
PD4/M/68/13 HYS 2/Saccades –normal speed , mild hypometria Levodopa/carbidopa, 
entacapone, 
pramipexole  
10/26/11 
CBGD1/F/79/2 Apraxia, rigidity/ Saccades –normal speed, mildly 
hypometric but increased latency 
Levodopa/carbidopa 2000 
CBGD2/M/71/3 Apraxia, alien limb, rigidity/ Saccades –normal speed, 
mildly hypometric but increased latency 
Levodopa/carbidopa 2000 
MSA171/F/71/4 Asymmetric akinetic-rigid without tremor; abnormal 
autonomic functions/Saccades –normal speed , mild 
hypometria 
None 2000 
MSA2/M/68/4 Asymmetric akinetic-rigid with mild tremor; abnormal 
autonomic function/Saccades –normal speed, mild 
hypometria 
Oxybutinin 2000 
SCA7 / M / 69/8 Limb and gait ataxia/Saccades –slow and hypermetric  None 02/09/11 
SCASI / M/ 61/20 Limb and gait ataxia; neuropathy/ Saccades –normal 
speed, hypermetric; large saccadic intrusions during 
fixation  
Clonazepam, fluoxe-
tine, memantine 
02/10/11 
PSP01/M/61/4 Falls/Vertical gaze palsy; saccades – slow downward None 4/10/07 
PSP02 /M/74/6 Slow speech, loss of balance/ Saccades – slow verti-
cally 
None 4/11/07 
PSP03 /F/61/4 Loss of balance / Saccades – slow vertically Levodopa 4/3/07 
PSP04 /F/65/3 Dysarthria, fixed stare, falls/ Saccades – small, slow 
and difficult to initiate vertically 
None 2/13/07 
PSP05 /M/58/5 Falls/ Vertical gaze palsy; saccades – slow and small 
vertically 
Paroxetine 2/27/07 
PSP06 /F/66/4 Dizziness, falls, dysphagia/   Vertical gaze palsy; sac-
cades – slow, small and difficult to initiate vertically 
None 5/30/07 
PSP07 /F/67/5 Falls, dysphagia/Saccades – slow, small and difficult 
to initiate vertically 
Donepezil, memantine, 
levodopa/carbidopa 
7/10/07 
PSP08 /M/67/3 Falls, dysphagia/Saccades – slow, small and difficult 
to initiate vertically 
Fluoxetine, Levodopa/ 
carbidopa, donepezil  
7/17/07 
PSP09 /M/70/7 Falls, dysphagia/Downward gaze palsy; saccades – 
slow and small downward 
Levodopa/carbidopa 6/12/07 
PSP10 /F/72/2 Falls/ Vertical gaze paresis; saccades – slow vertically Levodopa/carbidopa 5/22/07 
Table 4-3 Clinical features of all patients 
* On clinical examination, most patients and age-matched controlled subjects showed mild limitation 
of upgaze and mild impairment of convergence and smooth pursuit. HYS: Hoehn-Yahr Scale for Park-
insons’ disease (Hoehn & Yahr, 1967). **All PSP patients showed impaired smooth pursuit and ver-
gence eye movements. 
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Absolute eye position measurements are less reliable than eye-position change measure-
ments in all eye tracking systems, especially in the case of video trackers. Both magnet-
ic/search coil and video-tracking techniques detect small saccades reliably, however, because 
saccade detection depends on relative changes in eye position, rather than on the absolute po-
sition of the eye. To quantify absolute eye position errors we used an estimated reference cen-
ter position rather than the zero position obtained from the eye-tracking system’s calibration 
protocol. Thus, to calculate the gaze position error at the end of each saccade, we estimated 
the distance between a given gaze position and the median gaze position during that trial. 
4.2.1.3 Experimental design 
Patients and age-matched controls were asked to maintain gaze fixation during the re-
cordings (minimum fixation duration: 10s; maximum fixation duration: 120s). Subjects 
viewed a small target (laser spot subtending 0.1°) placed at central position on a tangent 
screen at 1.4m in an otherwise dark room. Verbal encouragement was provided to subjects to 
sustain steady fixation of the small target during the test period, allowing occasional blinks. 
Five subjects (1 PD, 2 MSA and 2 CBS subjects) performed a vergence task; here we ana-
lyzed only the periods of stable fixation (minimum duration: 800ms). The younger controls 
fixated a red cross (0.75 degrees wide) within a 2 deg x 2 deg window, on a 50% gray back-
ground. The cross was presented on the center of a linearized video monitor, at 57cm. The 
subjects received auditory feedback (a short beep) whenever their gaze left the fixation win-
dow for more than 500 ms (<500 ms gaze excursions were permitted to allow for blinks). Eye 
movements exceeding the fixation window were also recorded.   
4.2.1.4 Saccade detection 
We identified all saccadic eye movements automatically with an objective detection al-
gorithm (see (Engbert & Kliegl, 2003), for details). This method detects saccades in the two-
dimensional velocity space using a threshold that adapts to the level of noise of each record-
ing. For subjects in whom eye position was recorded binocularly, we first detected the sac-
cades from each eye’s recording and then reduced the amount of potential noise (Engbert, 
2006) by analyzing only binocular saccades, that is, saccades with a minimum overlap of one 
data sample in both eyes (Laubrock et al., 2005; Otero-Millan et al., 2011b).  
Some saccades are followed by a fast and small saccadic eye movement in the opposite 
direction, called dynamic overshoot, which is often more prominent in the eye that moves in 
the abducting direction (Kapoula et al., 1986). Unlike the return saccade in a SWJ, a dynamic 
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overshoot follows a saccade without latency between the two movements. We identified dy-
namic overshoots as saccades that occurred less than 20ms after a preceding saccade (Møller 
et al., 2002; Troncoso, Macknik, & Martinez-Conde, 2005; Troncoso et al., 2008a, 2008b), 
and considered them part of the preceding saccade (i.e. we did not regard them as new sac-
cades). That is, we discarded the second saccade and modified the end point of the first sac-
cade to include the overshoot. 
4.2.1.5 SWJ detection 
We defined a SWJ as the combination of one small saccade that moves the eye away 
from the fixation target, followed after a short period  by a second corrective saccade directed 
back towards the target (Abadi & Gowen, 2004; Leigh & Zee, 2006; Martinez-Conde, 2006; 
Otero-Millan et al., 2011a) (Figure 4-6).  To characterize SWJs in an objective manner, we 
first identified all individual saccades up to 5 degrees (Otero-Millan et al., 2011b). We chose 
this 5-degree upper magnitude threshold to include the range of SWJ magnitudes reported 
previously  in healthy subjects (0.1-4.1 deg; (Abadi & Gowen, 2004), and to allow for poten-
tially larger SWJs magnitudes in patients (Otero-Millan et al., 2011b). 
We identified SWJs using the algorithm developed in (Otero-Millan et al., 2011b). This 
method measures the similarity between a given saccade pair (that is, a pair of consecutive 
saccades) and ideal SWJ. In an “ideal SWJ” the two saccades are separated by a short interval 
(i.e. 200ms), have the same magnitudes, and their directions are exactly opposite (Otero-
Millan et al., 2011b). We calculated an SWJ index based on the three defining SWJ character-
istics described above:  a) the direction dissimilarity of first and second saccade, b) the magni-
tude similarity of first and second saccade, and c) the temporal proximity of first and second 
saccade. The SWJ index provides a single, continuous variable between zero and one for each 
saccade pair. Values closer to one indicate more similarity to the ideal SWJ.  If a saccade 
pair’s SWJ index was larger than a given threshold (Otero-Millan et al., 2011b), we classified 
the pair as a potential SWJ.  
4.2.1.6 Statistical analysis 
Previous to testing the potential differences between pairs of subject groups, we tested 
the main effect using one-way ANOVA. To correct for multiple comparisons we used the 
Tukey Honest Differences (HSD) method. We also conducted the Linear Discriminant Analy-
sis (McLachlan, 2005), which uses a linear combination of a set of variables to classify differ-
ent samples into multiple groups. To measure the ability of the variables to assign patients to 
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the correct diagnosis categories, we used a Leave One Out  cross-validation method (Arlot, 
2010). That is, for each given sample, we trained the model with all the samples except for 
that particular one, and then asked whether that sample was classified correctly. 
The parametric relationship between saccadic peak velocity and saccadic magnitude 
(Bahill, Clark, & Stark, 1975) is approximately linear for small saccades. Thus, we used a 
simple linear regression to compare the slopes of the peak velocity-magnitude relationship 
across subject groups. 
4.2.2 Results 
4.2.2.1 A common SWJ coupling mechanism in the intact brain and in neurologi-
cal disease 
SWJs are prevalent in numerous neurological disorders, including those studied here, and 
they are common in healthy subjects as well (Abadi & Gowen, 2004; Leigh & Zee, 2006; 
Otero-Millan et al., 2011b). We proposed previously that PSP patients and healthy controls 
share a common square-wave coupling mechanism (Otero-Millan et al., 2011b, 2011a).  Here, 
we set out to determine if this coupling mechanism might also apply to PD, to other 
parkinsonian disorders, and to recessive ataxia: if so, it would be an important piece of evi-
dence supporting our proposal that a common saccade generation mechanism can explain the 
oculomotor deficits associated with each of these diseases. 
We found that in all patients – irrespective of their diagnosis – larger saccades were more 
likely to be part of SWJs (logistic regression, p<0.05, see Figure 4-7A). Thus, the present re-
sults extend the correlation between saccade size and SWJ coupling, previously found in PSP 
patients and healthy controls (Otero-Millan et al., 2011b), to all subject groups, including PD, 
MSA, CBS and SCASI patients.  
If all subject groups share the same SWJ-coupling mechanism, as suggested by the data 
above, it follows that they should have equivalent intra-SWJ intervals (i.e. the time it takes to 
trigger the second saccade should be very similar across groups). Our analysis confirmed this 
hypothesis (one-way ANOVA; p>0.05, see also Figure 4-7B), consistent with the existence of 
a common SWJ coupling mechanism in the intact brain and in neurological disease.  
In all subject groups, return SWJ saccades reduced the eye position errors introduced by 
the initial saccades (t-test; p<0.05 in all groups except for PD, which showed the same trend, 
see Figure 4-7C). (Note that our SWJ detection algorithm did not take into account the eye 
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position error at the beginning or end of the saccades, and so it did not require this error re-
duction (see Materials and Methods)). Moreover, the latencies of the return SWJ saccades 
were inversely correlated to eye position errors after the first SWJ saccade (p<0.05 in all 
groups, see Figure 4-7D). This finding supports the hypothesis that gaze position errors trig-
ger corrective saccades during attempted fixation (Cornsweet, 1956), and is consistent with 
the proposal of a common SWJ coupling mechanism in healthy subjects and in patients 
(Otero-Millan et al., 2011a). 
 
Figure 4-7 A common square-wave coupling mechanism 
A) Correlation between saccade size and percentage of saccades in SWJs. B) Intra-SWJ intervals 
across groups. C) Position error at the end of the first versus second saccade in a SWJ. D) Relationship 
between the estimated position error (see Methods for details) at the end of each saccade and the inter-
saccadic interval to the next saccade. Error bars in all panels represent the standard error of the mean 
across subjects.  
4.2.2.2 Distinctive properties of fixational saccades in PD versus PSP  
Previous research showed that fixational saccades are larger, slower, more frequent and 
more horizontal in PSP patients than in healthy controls (Otero-Millan et al., 2011b; Pinnock 
et al., 2010). Here we aimed to identify any fixational saccade properties that could distin-
guish PD patients from patients suffering from PSP. 
To discriminate between groups (PD, PSP, and controls), we focused on four saccadic 
properties likely to reflect the differential involvement of brain areas related to the 
oculomotor system: saccade rate, saccade magnitude, peak velocity-magnitude relationship 
slope (see Materials and Methods), and vertical component of saccade direction (Figure 4-8, 
Figure 4-9). 
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Figure 4-8 Characteristics of fixational saccades across subject groups 
Top row, saccadic peak velocity/magnitude relationships. Middle row, saccade magnitude distribution. 
Bottom row, polar histograms of saccade directions. Each graph shows the combined data for all sub-
jects in each group. 
Statistical analyses showed that the three groups (PD, PSP, and controls) were statistical-
ly distinct from one another (main effect one-way ANOVA) for saccade rate (p=0.005), sac-
cade magnitude (p=0.000001), slope of the peak velocity-magnitude relationship 
(p=0.000001) and normalized saccade vertical component (p=0.00004). Pair-wise compari-
sons revealed differences between the PD, PSP and control subjects. See Figure 4-9 and  
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Saccade rate (ANOVA, p=.005) Tukey HSD test p-value 
 Average (N/s) PSP PD Control 
PSP (N=10) 2.1 ± 0.2 - 0.9 0.001 
PD (N=4) 2.2 ± 0.3 0.9 - 0.008 
Control (N=14) 1.1 ± 0.2 0.001 0.008 - 
Saccade magnitude (ANOVA, p=.00000) Tukey HSD test p-value 
 Average (deg) PSP PD Control 
PSP (N=10) 1.38 ± 0.22 - 0.03 0.0002 
PD (N=4) 0.62 ± 0.3 0.03 - 0.9 
Control (N=14) 0.46 ± 0.04 0.0002 0.9 - 
Main sequence slope (ANOVA, p=.00000) Tukey HSD test p-value 
 Average ((Deg/s)/s) PSP PD Control 
PSP (N=10) 43 ± 4 - 0.0001 0.000001 
PD (N=4) 71 ± 4 0.0001 - 0.9 
Control (N=14) 69 ±  2 0.000001 0.9 - 
Vertical component (ANOVA, p=.00004) Tukey HSD test p-value 
 Average (normalized) PSP PD Control 
PSP (N=10) 0.16± 0.03 - 0.01 0.000002 
PD (N=4) 0.40± 0.07 0.01 - 0.3 
Control (N=14) 0.51± 0.04 0.000002 0.3 - 
Table 4-4 Saccadic parameters in PD patients, PSP patients and healthy controls 
Bold text indicates statistical significance. 
 
Figure 4-9 Saccadic parameters in PD patients, PSP patients and healthy controls 
Saccade rates, magnitudes, peak velocity-magnitude relationship slopes and vertical components (of 
saccade direction) are indicated. Bars represent the average value across subjects of each group and the 
error bars indicate the standard error of the mean. Asterisks show significance (p<0.05, t-test). 
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PD patients had higher saccadic frequencies than controls. Other saccadic properties (in-
cluding saccadic magnitude, velocity and direction) were unaffected and thus did not differ 
from those in control subjects (Figure 4-8, Figure 4-9). 
PSP patients had more frequent, larger, more horizontal, and slower saccades than con-
trols (Otero-Millan et al., 2011) (Figure 4-8, Figure 4-9). 
Saccadic frequency was comparable in PD and PSP (Figure 3, Figure 4-9A). Saccadic 
dynamics that distinguished PD from PSP included saccadic direction (the vertical component 
was larger in PD than in PSP; Figure 4-8, bottom row, Figure 4-9D), saccadic magnitude 
(smaller in PD than in PSP; Figure 4-8, middle row, Figure 4B), and saccadic velocity (higher 
in PD than in PSP; Figure 4-8, upper row, Figure 4-9C). 
Thus, a patient exhibiting a decreased vertical saccadic component will likely suffer from 
PSP, whereas a patient with high-frequency saccades of normal direction, magnitude, and 
speed, will probably suffer from PD.  
To quantify to what extent saccade rate, saccade magnitude, peak velocity-magnitude re-
lationship slope, and vertical component could differentiate between the PD, PSP and control 
groups, we performed a Linear Discriminant Analysis. Seventy nine per cent of the subjects 
were assigned to the correct diagnosis group, using the Leave One Out cross-validation meth-
od (see Materials and Methods for details). 
4.2.3 Discussion 
We set out to compare the properties of fixational saccades ranging from microsaccades 
to SWJs in healthy subjects and representative patients with several disorders known to show 
prominent saccadic intrusions. Disruption of steady fixation by saccadic intrusions (i.e. SWJs) 
is often clinically evident in patients with the parkinsonian-dementia spectrum of disorders 
and recessive spinocerebellar ataxia such as Friedreich’s ataxia (Fahey et al., 2008; Swartz et 
al., 2003). So impressive are these saccadic intrusions in some such patients that attempts 
have been made to use their frequency and size to aid diagnosis (Rascol et al., 1991). One 
problem with this approach is that normal, healthy subjects can show frequent saccadic intru-
sions as well. Thus, Pinnock and colleagues found some overlap between PSP, MSA, PD, and 
control subjects (Pinnock et al., 2010). Could other features of saccadic intrusions, such as 
their speed and direction, aid diagnosis? In a prior study, we found that fixational saccades in 
PSP patients were slower and had a smaller vertical component than in control subjects, con-
sistent with the distinctive deficits of saccade dynamics in PSP (Otero-Millan et al., 2011b). 
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Here we found that some of these properties also help to distinguish PSP from PD patients: 
fixational saccades were slower, larger, and had a smaller vertical component in PSP than in 
PD. Saccadic rates were equivalent in PD and PSP, and thus higher than in control subjects. 
Differences between fixational saccades made by patients with other diagnoses were modest. 
However, our main finding is that square wave coupling was similar in all patient groups and 
control subjects: larger saccades were more likely to be part of SWJs, and the interval be-
tween the first and second saccade of SWJs remained similar across subject categories. 
Thus, our results indicate that SWJ coupling is similar in healthy controls and in all pa-
tient groups, and suggest that a common saccade generation mechanism can explain the 
oculomotor features that characterize each disorder. In order to interpret these findings, we 
first discuss the mechanisms that trigger saccades during attempted fixation, and then apply 
this scheme to examine the possible pathophysiology of saccadic intrusions encountered in 
the neurological disorders studied here. 
4.2.3.1 Generation of saccadic intrusions and microsaccades 
Activity in the superior colliculus (SC) triggers fixational saccades, both in response to 
spontaneous neural fluctuations and to fixation error signals (Hafed et al., 2009; Otero-Millan 
et al., 2011a; Rolfs et al., 2008a). Thus, in a SWJ, random fluctuations in neural activity may 
drive the first saccade, producing a fixation error which in turn causes the second (corrective) 
saccade. This is consistent with research showing that SC activity encodes gaze position er-
rors and is related to saccade initiation (Bergeron & Guitton, 2002; Sparks, Rohrer, & Zhang, 
2000).  
We proposed previously (Otero-Millan et al., 2011a) that the microsaccade-triggering 
circuit is formed by the SC and two mutually-inhibiting groups of neurons in the brainstem: 
excitatory and inhibitory burst neurons (EBNs and IBNs (Cullen & Guitton, 1997)) in the re-
ticular formation and omnipause neurons (OPNs (Evinger, Kaneko, & Fuchs, 1982)) in the 
raphe. During fixation, the OPNs are tonically active and keep EBNs and IBNs inhibited 
(Bergeron & Guitton, 2001). Due to spontaneous activity and/or fixation error, the activity of 
the SC map moves away from the location that represents the center of gaze (i.e. rostral SC), 
increasing the input to the BNs and decreasing the input to the OPNs. At some point, the input 
to the IBNs becomes high enough to overcome the decreased inhibition coming from the 
OPNs (Shinoda, Sugiuchi, Takahashi, & Izawa, 2011). This results in a small burst of activity 
in the EBNs, triggering a microsaccade (Figure 4-10). 
 
Saccades during attempted fixation in neurological disorders 85 
 
 
Several cortical areas, including the frontal eye fields, supplementary eye fields, and 
dorsolateral prefrontal cortex, drive the SC. Although direct projections from frontal areas to 
the SC do exist, indirect projections via the basal ganglia seem important; these reach the SC 
via SNpr, which acts as an inhibitory gateway. Parallel pathways from the frontal cortex pass 
via the caudate, external segment of globus pallidus, and subthalamic nuclei, with some con-
nection contributing more to initiation, and others to suppression, of saccades (Watanabe & 
Munoz, 2011). How might these pathways be compromised in our patients? 
 
Figure 4-10 Microsaccade triggering model (Otero-Millan et al., 2011a) 
SC neurons present two gradients of connectivity, one that is strongest between rostral SC and OPNs, 
and one that is strongest between caudal SC and EBNs and IBNs (Büttner-Ennever et al., 1999; Gan-
dhi & Keller, 1997; Moschovakis et al., 1998) (longer lines represent stronger connections). The mutu-
ally inhibited OPNs and IBNs act as a trigger. During fixation, rostral SC activity drives the OPNs that 
inhibit the EBNs and IBNs. Directly preceding the launch of a (micro)saccade, activity in the rostral 
area shifts slightly caudally. At some point the balance of inhibition is broken, and the IBNs inhibit the 
OPNs more than the OPNs inhibit the IBNs. Then the EBNs start to burst initiating the saccade. Note 
that this representation is a one-dimension simplification of the circuit. The circuit functions in the 
same manner for vertical (up and down) BNs. Minus signs indicate inhibitory connections, plus signs 
excitatory ones. 
4.2.3.2 Pathophysiology of saccadic intrusions in neurological disease 
Each of the parkinsonian disorders studied here involves the basal ganglia. Impaired ba-
sal ganglia function due to disease might unbalance the normal governance of saccade initia-
tion and suppression, mediated by the parallel basal ganglionic pathways to SC (Watanabe & 
Munoz, 2011). In PD, the damage is concentrated in the dopaminergic portion of substantia 
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nigra, which modulates the activity of caudate neurons. Thus, in PD, there is impaired ability 
to generate self-paced saccades but also to suppress unwanted saccades (Chan, Armstrong, 
Pari, Riopelle, & Munoz, 2005; Pinkhardt & Kassubek, 2011). Perhaps the best direct support 
for this view is that acute, therapeutic lesions of the globus pallidus (pallidotomy) for severe 
PD increase the frequency of SWJs (Averbuch-Heller, Stahl, Hlavin, & Leigh, 1999; 
O’Sullivan et al., 2003). Direct or indirect impairment of SNpr function will compromise the 
inhibitory control of the SNpr in the SC, which may lead to increased neural fluctuations. In-
creased fluctuations in SC activity would have the effect of raising the rates of fixational sac-
cades, consistent with the present results (Figure 4-9A).  However, because the brainstem and 
the cerebellum are relatively spared in PD, fixational saccades should have normal parame-
ters, such as magnitude, velocity or direction, as observed here.  
In PSP, the characteristically slow saccades (Figure 4-8, upper row, Figure 4-9C) indi-
cate neural damage to BNs in the brainstem (especially BNs in the rostral interstitial nucleus 
of medial longitudinal fasciculus (riMLF), which controls vertical gaze) (Bhidayasiri et al., 
2001; Boxer et al., 2012). Damage to BNs might also explain why PSP patients, but not PD 
patients, produce increased magnitude saccades during attempted fixation. If one subpopula-
tion of BNs is impaired (i.e. vertical BNs in PSP), only more caudal fluctuations in SC activi-
ty will produce enough drive for the remaining healthy BNs to overcome the inhibition from 
the OPNs and trigger saccades. Saccades triggered in this fashion will be larger than normal. 
Some patients with CBS and MSA may show slowing of vertical saccades as well, and recent 
evidence suggests that this could be a consequence of midbrain damage (Boxer et al., 2012). 
In recessive ataxias, saccadic intrusions are often prominent, but these patients do not 
show parkinsonian features. In their case, impaired control of BNs by the fastigial nucleus 
may be the culprit; such individuals usually show saccadic hypermetria, an impressive finding 
following fastigial nucleus inactivation (Goffart, Chen, & Sparks, 2004; Goffart & Pélisson, 
1998; Robinson, Straube, & Fuchs, 1993). According to our hypothesis, the second saccade in 
SWJs is triggered to correct the gaze position error produced by the first saccade. A hyper-
metric second saccade would also produce error, thus triggering another saccade. Therefore, 
impaired output from the fastigial nucleus would lead to more frequent SWJs. In the case of 
our SCASI patients, their SWJs indeed showed “overshoot” so that their eyes did not return to 
the fixation point, but instead oscillated around it– a type of saccadic intrusion called 
“macrosaccadic oscillations” (Serra et al., 2008). 
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In conclusion, we have found evidence to support our proposal that microsaccades and 
saccadic intrusions, such as SWJs, form a continuum, and show similarities in both healthy 
subjects and in patients with a variety of neurological disorders. We propose that the initial 
saccade depends on neural noise in the superior colliculus and brainstem saccade-generating 
circuits, both in health and in neurological disease. In health, microsaccades aid vision by 
counteracting Troxler fading (Martinez-Conde et al., 2006; McCamy et al., 2012; Troncoso et 
al., 2008a). With disease affecting basal ganglion circuits, inhibitory control is released from 
the SC, promoting saccadic intrusions. The probability of a return saccade following a sac-
cadic intrusion is a function of the size of the initial movement; in disease states, especially 
those affecting the cerebellum, the characteristics of this return saccade may be affected. Be-
cause SWJs share a common neural circuit with saccades, they will likely show pathological 
characteristics related to larger voluntary saccades. Future research may build on the current 
results to provide further insights into the pathogenesis of parkinsonian disorders, and to de-
velop accessible approaches by which eye movements can be used to evaluate treatments and 
enhance early diagnosis.  
A remaining issue is why human microsaccades and saccadic intrusions are predomi-
nantly horizontal, especially as microsaccades in macaques do not typically show a horizontal 
preference (Cui, Wilke, Logothetis, Leopold, & Liang, 2009; Weber, Fischer, Rogal, Spatz, & 
Illing, 1989). Future studies should investigate the prevalence of primate SWJs (Weber et al., 
1989) and their relationship with microsaccade direction. 
    88 
Chapter 5  
Modeling microsaccade 
triggering 
When we explore a visual scene our eye movements are characterized by a sequence of 
fast eye movements called saccades interleaved with fixation periods of relative stability 
(Leigh & Zee, 2006). We typically produce about three saccades per second (Otero-Millan et 
al., 2008a). One key function of our oculomotor system is to continuously decide, depending 
on the external stimulation, if it is time to trigger a saccade or not.  
If we attempt to fixate our gaze in a small spot, we can voluntarily maintain our gaze 
close to the target but small involuntary eye movements, called microsaccades, will shift our 
eye position one or two times per second (Martinez-Conde et al., 2004). Microsaccades share 
many characteristics with larger saccades and it is accepted that they are generated by the 
same neural system. This suggests that even if we are attempting to fixate the saccade trigger-
ing system is still active deciding from time to time to trigger a microsaccade. 
The oculomotor system is a distributed system that involves multiple areas in the cortex, 
the brain stem and the cerebellum (see Chapter 2) (Munoz and Everling, 2004). A saccade 
ultimately occurs when the premotor burst neurons (BNs) in the reticular formation start 
bursting. Another group of neurons in the reticular formation, called omnipause neu-
rons(OPNs), fire at a fairly constant rate between saccade and stop completely during the 
movement  (Evinger et al., 1982) and they are believed to inhibit the burst neurons in between 
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saccades. It is a matter of controversy what keeps the OPNs firing between saccades and what 
mechanism produces the triggering of a saccade, that is, BNs start firing and OPNs stop fir-
ing. 
One critical area in the oculomotor network is the superior colliculus (SC). The SC has a 
topographical organization and saccades of different sizes and directions can be evoked by 
microstimulation  depending on the location of the stimulation. Large saccades are triggered 
in the caudal areas and small saccades are triggered near the rostral section (Robinson, 1972). 
Correspondingly, recordings in the intermediate layers of the SC studies found that caudal 
neurons fire before large saccades and rostral neurons fire before small saccades (Munoz & 
Wurtz, 1993, 1995). Following studies showed that neurons in the rostral pole of the SC are 
active during fixation but stop during saccades. Also, microstimulation of those neurons can 
suppress saccades or interrupt saccades in flight (Munoz & Wurtz, 1992). These results lead 
to the idea of two populations of neurons in the SC with two different functions: saccade neu-
rons and fixation neurons. However, recent studies have challenged this dichotomy showing 
that neurons in the rostral pole fire for small microsaccades in an equivalent fashion as more 
caudal neurons do for larger saccades (Hafed et al., 2009; Hafed & Krauzlis, 2012; Krauzlis et 
al., 1997).  
The SC projects to both OPNs and BNs. With stronger projects to the OPN coming from 
the rostral area and to the BNs from the caudal area (Büttner-Ennever et al., 1999; Gandhi & 
Keller, 1997). Following from this connectivity it has been suggested that rostral neurons 
(fixation neurons) suppress saccades by driving OPNs and caudal neurons (saccade neurons) 
drive saccades by activating the BNs. Under this model, the generation of microsaccades re-
sults in a paradox. How can the activity of the fixation neurons be responsible for triggering 
microsaccades if it is supposed to suppress saccades? 
Here we implement a modified version of the trigger mechanism proposed in Chapter 2 
formed by the SC, OPNs and BNs in an attempt to explain this paradox. We include this trig-
ger in a distributed model of the oculomotor system and we simulate the generation of 
microsaccades during attempted fixation. We also reproduce some experimental observations 
during inactivation or stimulation experiments. Finally we propose some hypothesis for the 
mechanism causing abnormal saccadic intrusions in some neurological disorders. 
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5.1 Implementation of the model 
In this model, saccades and microsaccades are triggered by a combination of retinal error 
and/or random fluctuations or neural activity. A displacement and increase of the of activity 
in the SC creates an imbalance in the mutually inhibitory circuit formed by the OPNs and 
BNs. When the imbalance is large enough a saccade is triggered (Otero-Millan et al., 2011a). 
 
Figure 5-1 General model structure 
The input to the model is the desired eye position (or location of the target). This command gets up-
dated with every eye movement after a visual feedback delay of 50ms. The frontal eye fields sends a 
constant excitatory command to the SC at the corresponding location of the target and the basal gan-
glia sends an inhibitory projection to the SC which inhibits the entire SC map but the corresponding 
location of the target. The noise input to the SC is responsible for the random fluctuations which even-
tually trigger microsaccades. The SC combines the inputs in a map with short range excitatory connec-
tions and long range inhibitory connections. The SC sends the left and right motor commands to the 
burst neurons in the brain stem and also a signal to the omnipause neurons representing the rostral ac-
tivity. The cerebellum receives the command from the SC and also the copy of the output of the burst 
neurons and creates a feedback signal that stops the saccade. 
The model builds on recent and classical results in relation to microsaccade and saccade 
generation. Hafed and colleagues showed that the activity in the rostral pole of the SC is re-
lated to microsaccade generation and therefore the SC map can be seen as a continuum of 
neurons encoding the location of the intended target (Hafed et al., 2009). Shinoda and col-
leagues showed that the IBNs in the pontomedullary reticular formation send a direct inhibito-
ry projection to the OPNs (Shinoda et al., 2011) presumably responsible for the lack of OPN 
activity during saccades. The idea that IBNs inhibit OPNs is supported by results from multi-
ple anatomical and physiological studies (Cullen & Guitton, 1997; Raybourn & Keller, 1977; 
Yoshida et al., 1999). Van Horn and Cullen showed that OPNs also stop during 
microsaccades (Van Horn & Cullen, 2012) and Van Gisbergen and Robinson had found earli-
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er that BNs fire for microsaccades as they do for saccades (Van Gisbergen & Robinson, 
1977).  
Figure 5-1 shows the general structure of the model with its main components. Because 
we want to simulate a sequence of eye movements during attempted fixation and not just an 
individual saccade the model must close the visual loop and incorporate the effect of past eye 
movements. The model includes areas in the cortex, the brain stem and the cerebellum to con-
trol saccade generation. Their implementation is described in the following sections. Finally, 
the model includes a final common pathway that creates the pulse-slide-step activity charac-
teristic of the motor neurons and a motor plant that simulates the physical properties of the 
eye. 
5.1.1 Brain stem reticular formation 
The circuit we propose in the reticular formation is formed by one omnipause pause neu-
ron OPN, and three burst neurons on each side: long lead IBNs (LLIBNs), medium lead 
EBNS (MLEBNs) and medium lead IBNS (MLIBNs). The OPN inhibits all 6 BNs. IBNs in-
hibit the OPN and the three contralateral BNs. This inhibitory connections serve two different 
roles. One is to make sure that the burst neurons of only one side are active at the same time 
(crossing connections from IBNs to BNs). The second role is to control the switching between 
saccade and no-saccade behaviors. Between saccades, OPN inhibits all BNs, during saccades 
IBNs inhibit OPN. 
The critical connections for controlling the triggering of saccades are the ones between 
OPNs and IBNs. The strength of the connection between OPN and MLIBNs must be strong to 
avoid any firing during fixation but the strength of the connection between OPNs and 
LLIBNs should be weak to allow for even small changes in drive from the SC to the LLBNs 
to trigger a saccade. At the same time the strength of the connection between MLIBNs and 
OPNs must be strong to completely inhibit them during saccades. Even though our LLIBNs 
do not show very long lead activity this could be achieved with a model with a population of 
neurons with variable strength of connections and not just a single neuron of each type. 
Every neuron in the network is modeled as a leaky integrator with an exponential re-
sponse function as in (Zee & Robinson, 1979). 
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5.1.2 Superior colliculus 
We have implemented the superior colliculus map following from (Marino, 
Trappenberg, Dorris, & Munoz, 2011; Trappenberg, Dorris, Munoz, & Klein, 2001). In the 
model, the SC is a one-dimensional structure that encodes the horizontal retinotopic space 
with a set of 101 neurons. The mapping between retinotopic space  (𝐷(deg)) and colliculus 
space (d(mm)) is given by following formula (Opstal & Gisbergen, 1989): 
 d(mm) = B ∗ log((𝐷(deg) + 𝐴)/𝐴) (5-1) 
Each neuron is characterized by a leaky integrator of a time constant Tsc that receives as 
input the weighted sum of the activity coming from all the inputs. The output of each neurons 
depends on the output of the integrator (u) and follows the formula (Trappenberg et al., 2001): 
 𝑎 = 1/(1 + 𝑒−𝛽𝑢∗𝑢) (5-2) 
Each neuron in the map is connected to every other neuron and the strength and sign of 
the connectivity depends on the distance between the two neurons. Neurons that are close to 
each other receive strong excitation and neurons that are far to each other inhibit each other. 
This connectivity is modeled by the synaptic weights of the connections between each neuron 
and they follow the following equation. 
 𝑤𝑖𝑗 = (𝐴𝑤 + 𝐶)𝑒−�𝑑𝑖𝑠𝑡(𝑖,𝑗)�2/2𝜎𝑖𝑛𝑡^2 − 𝐶 (5-3) 
The input to each neuron is defined by the sum of the weighted contributions from all 
other neurons in the map and the projection from the cortex that typically indicates the desired 
target location by driving a corresponding patch of SC and inhibiting the rest of the map. Ad-
ditionally, to simulate microsaccade generation we have added a noise input. 
Depending on their firing characteristics neurons in the SC are typically divided in build 
up neurons (if they fire long before the saccades) and burst neurons if they fire only around 
the saccade. Here we considered the neurons described above as build up neurons and we 
added an addition burst layer which is just a thresholded version of the buildup layer. 
The SC sends three projections to the reticular formation main projections one to the 
OPN neurons and one to the BNs of each side. OPNs receive a projection from the entire 
build upl layer of the colliculus that is stronger from rostral areas (Gandhi & Keller, 1997). 
Specifically the strength of the projection decreases linearly with the distance from the rostral 
end of each SC. That is, the more caudal the weaker the connection. The projection to contra-
lateral BNs comes from the burst layer and is stronger from caudal neurons. The strength of 
the projection from the neuron i in the SC map to the OPN or the BNs is given by: 
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 𝑤𝑆𝐶𝑂𝑃𝑁(𝑖) = 1 − 𝑑𝑖𝑠𝑡(𝑖, 0)/4 (5-4) 
 𝑊𝑆𝐶𝐵𝑁(𝑖) = 𝐴 ∗ (𝑒𝑑𝑖𝑠𝑡(𝑖,0)𝐵 − 1) (5-5) 
 
Figure 5-2 Schematic of the projections from the SC to the reticular formation and the triggering 
circuit 
Note how the projection to the OPNs comes from the buildup layer and the projections to the BNs 
comes from the burst layer. 
In order to make the drive from SC to BN really only dependent on the location of the 
activity in the map and not on the amount of activity it is necessary to implement a normaliza-
tion mechanism that implements the center of mass calculation. In our model we divide the 
total weighted drive from SC to BN by the total activity of the SC burst layer. For stability 
purposes a small fraction of the buildup activity is also included in the denominator. 
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The addition of the burst layer is necessary to allow the model to trigger very small sac-
cades (very small shifts in SC activity) and also not trigger microsaccades with any peripheral 
increase in activity. 
5.1.3 Frontal eye fields and basal ganglia 
We have implemented a very simplified version of the outputs of the FEF and the BG 
that provide the drive and the inhibition that control the activity of the SC. Both of them pre-
sent gaussian profiles centered at the location of the desired target. The level of activity of the 
FEF also depends on the eccentricity of the target. This simulates the decreased likelihood of 
saccade triggered for small retinal errors (Cornsweet, 1956; Otero-Millan et al., 2011b). 
5.1.4 Random fluctuations 
To simulate the eye movements that occur during attempted fixation we assume that the 
voluntary command from the cortex to the SC is constant and creates a Gaussian hill of activi-
ty centered at the location of the target. To produce microsaccades we will introduce a noise 
term to the input to the colliculus. Many other sources of neural noise can play a role in 
microsaccade generation but here lump the effect of all of them into the fluctuations of the SC 
activity. We have implemented a noise generator that generates noise with temporal and spa-
tial correlations across the SC map. The temporal correlation is created by filtering white 
noise through a leaky integrator of time constant 𝑇𝑛𝑜𝑖𝑠𝑒. And the spatial correlation is imple-
mented by creating one independent noise source for each neuron and combining them with 
weights that depend on their distance between each of them according to a Gaussian function 
with a standard deviation of 𝜎𝑛𝑜𝑖𝑠𝑒. To avoid the triggering of staircase saccades due to per-
sistent noise at one location the noise patter is reset after each saccade. Unfortunately simul-
taneous recordings of populations of neurons in the SC are lacking and there is no good 
source for the estimation of the parameters of this noise component. We have used a set of 
values that produces realistic microsaccade distributions. 
5.1.5 Cerebellum 
We implemented a very simplified model of the cerebellum that tries to emulate the ac-
tivity of the Fastigial Oculomotor Region (FOR) related to saccades. FOR is a major cerebel-
lar output nucleus that projects to the brain stem and is involved in saccade generation. Firing 
of the FOR around saccades is characterized by an early burst in the contralateral side and a 
late burst in the ipsilateral side (Ohtsuka & Noda, 1991). Inactivation of the FOR causes on 
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the magnitude of the saccades and they become larger or shorter than normal depending on 
the inactivated side (Goffart et al., 2004). It has been hypothesized that the main role of the 
FOR could be to track the movement of the eye and send a precise command to stop the sac-
cade on target. This commend would correspond with the late burst in the ipsilateral side 
(Lefèvre, Quaia, & Optican, 1998). 
To achieve this behavior our implementation of the cerebellum receives one input from 
the SC carrying the location of the center of mass of the activity map and a second input from 
the reticular formation carrying an efference copy of the MLEBNs activity which corresponds 
closely to the instantaneous velocity of the eye during saccades. The cerebellum must inte-
grate this efference copy and is out of the scope of this study to discuss the specific integra-
tion mechanism. Here, we use a second order system as this integrator with time constants 
(𝑇𝑐𝑏𝑙𝑚1,𝑇𝑐𝑏𝑙𝑚2) but many other possible implementations would result in equivalent behav-
ior. The late burst starts when the integrated efference copy (e) surpasses the input from the 
SC (c). The early burst corresponds with the activity coming from the SC until the efference 
copy reaches that point. Different gains in the four different channels can achieve different 
relative timings of the early and late burst. The gains have been tuned to achieve good sac-
cade accuracy over a range of saccade sizes. 
 𝐿𝑎𝑡𝑒𝐵𝑢𝑟𝑠𝑡𝑙/𝑟 = max (�𝐹1𝑒𝑟/𝑙 − 𝐹2𝑐𝑙/𝑟�, 0) (5-6) 
 𝐸𝑎𝑟𝑙𝑦𝐵𝑢𝑟𝑠𝑡𝑙/𝑟 = max (�𝐹3𝑐𝑟/𝑙 − 𝐹4𝑒𝑙/𝑟�, 0) (5-7) 
The late burst acts on the contralateral brain stem to inhibit the ipsilateral BNs. This sig-
nal has been defined as a “choke” signal because it inhibits the BNs regardless of the input 
that they main still receive from the SC.  
The cerebellum also projects heavily to the rostral pole of the SC (Quaia, Lefèvre, & 
Optican, 1999). For that reason we also incorporate a signal that drives the rostral pole of the 
SC at the end of the saccade to inhibiting the caudal SC to terminate the saccade related burst 
and to restart the activity of the rostral SC. The amplitude of this projection corresponds with 
the sum of the two late bursts of each side. 
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5.2 Results 
5.2.1 Saccades 
First we show the results of simulated a two degree saccade. Figure 5-3 shows the simu-
lated activity in the relevant neurons and areas. The saccade starts when the activity of the 
LLIBN is enough to completely inhibit the OPN which in turn disninhibits the EBN.  
 
Figure 5-3 Simulation of a 2 degree saccade 
Top panels show the eye position and the eye velocity around the saccade. Other panels show the ac-
tivity of the different elements of the model. The activity of the FEF and BG corresponds with the 
change in target position. The activity of the SC dynamically changes towards the corresponding posi-
tion. The drive to the BNs increases while the drive to the OPNs remains relatively constant. At some 
point the LLIBNs inhibit the OPNs letting the MLEBNs and MLIBNs fire and drive the saccade. The 
activity in the ipsilateral FOR ihibit the BNs terminating the saccade. 
5.2.2 Simulating microsaccades during fixation 
To simulated microsaccades that occurred during attempted fixation we used a constant 
target position and added a noise input to the Superior Colliculus. Figure 5-4 shows the activi-
ty in the elements of the model and the resulting eye movement trace for a simulation of 5 
seconds. The simulation shows how every time a microsaccade is trigger the OPN stops firing 
as in previous results (Brien et al., 2009; Van Horn & Cullen, 2012). 
0
0.5
1
1.5
2
Target and
eye position -50
0
50
100
150
Eye velocity
0
1
2
 
 
SC to BN
0
50
100
150
SC to OPN
0
100
200
LLIBN
0
50
100
OPN
0
100
200
MLEBN
0
100
200
MLIBN
0
1
2
FOR
Total time = 0.501 seconds
0
FEF
0
BG
-40
-20
-10
 -2
  0
  2
 10
 20
 40
Left SC
Rostral SC
Right SC
D
eg
/s
S
pi
ke
s 
/s
D
eg
re
es
 
D
eg
re
es
 
Left
Right
 
Modeling microsaccade triggering 97 
 
 
 
 Figure 5-4 Simulation of microsaccades during 5 seconds of attempted fixation 
Panels show the activity of the different elements of the model as in Figure 5-3. Figure also shows the 
noise introduced to the SC. 
Figure 5-5 shows the distributions of several microsaccades properties collected during a 
simulation of 100 seconds of fixation.  
 
Figure 5-5 Simulated microsaccade distributions 
A. Peak velocity/magnitude relationship. B. Distribution of microsaccade magnitudes. C. Distributions 
of microsaccade displacements. D. Distribution of intersaccadic intervals. 
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5.2.3 SC inactivation 
Hafed and colleagues (Hafed et al., 2009) found that inactivating the rostral pole of one 
colliculus reduces the microsaccade rate. Later Goffart and colleagues (Goffart, Hafed, & 
Krauzlis, 2012) also reported a shift in the fixation position. Here, we wanted to test if our 
model could simulate those results. We tested two different setups (Figure 5-6). We simulated 
a unilateral inactivation by nulling the output of the neurons on one side close to the midline 
(Figure 5-6B). A unilateral inactivation replicates the experimental setting from (Hafed et al., 
2009). Our results show a reduction of microsaccade rate and a shift in eye position consistent 
with previous results (Goffart et al., 2012; Hafed et al., 2009). 
 
Figure 5-6 Effects of SC inactivation 
Left panel shows 20 seconds of a control simulation. Right panel shows 20 seconds of a simulation 
where the output of a set of rostral SC neurons has been inactivated. Top panels show the SC activity 
and bottom panels show the corresponding eye positions. 
5.2.4 Saccadic intrusions 
Saccadic intrusions are saccades that intrude or interrupt accurate fixation and they prev-
alent in various neurological disorders. Here we simulated the effects of damage to different 
areas of the oculomotor system. 
Figure 5-7 shows the result of this simulation. First, we simulated the effects of Basal 
Ganglia deficit by increasing the level of noise in the Superior Colliculus. This resulted in 
more frequent microsaccades and Square Wave Jerks as in Patients with Parkinson's Diseases. 
Next, we simulated the increased magnitude and frequency of the micorsaccades and 
SWJs in Progressive Supranuclear Palsy (Otero-Millan et al., 2011b). In the simulated we 
also increased the level of noise and decreased the gain from LLIBNs to OPNs. The decreased 
gain from LLIBNs emulates the lack of vertical burst neurons in PSP and results in the in-
creased microsaccade magnitude. 
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Finally, we simulated the effect of cerebellar deficit by decreasing the gain of the stop 
signal coming from the cerebellum. This resulted in microsaccades that overshoot the target 
causing macrosaccadic oscillations. 
 
Figure 5-7 Simulation of a 2 degree saccade 
A) Simulation of 10 seconds of fixational eye movements with normal parameters. B) Simulating PD. 
C) Simulating PSP. D) Simulating Spinocerebellar Ataxia. 
5.3 Discussion 
5.3.1 On the relationship between OPN and SC rostral pole 
The connectivity between the rostral pole and the OPNs neurons has been proven ana-
tomically and physiological (Büttner-Ennever et al., 1999; Gandhi & Keller, 1997). However, 
it is still argued if the rostral pole indeed controls the firing of OPNs (Bergeron & Guitton, 
2002; Everling, Pare, Dorris, & Munoz, 1998; Gandhi & Katnani, 2011) in any relevant man-
ner. The main argument against the control of OPNs by the rostral pole is the fact that during 
the gap paradigm activity in the fixation neurons of the rostral pole decreases but activity in 
0 1 2 3 4 5 6 7 8 9 10
-4
-2
0
2
4
0 1 2 3 4 5 6 7 8 9 10
-4
-2
0
2
4
0 1 2 3 4 5 6 7 8 9 10
-4
-2
0
2
4
0 1 2 3 4 5 6 7 8 9 10
-4
-2
0
2
4
Time (s)
E
ye
 p
os
iti
on
 (d
eg
)
A
B
C
D
 
Modeling microsaccade triggering 100 
 
 
the OPN remains stable (Bergeron & Guitton, 2002; Everling et al., 1998; Gandhi & Katnani, 
2011). 
We would like to argue that even if the neurons in the rostral pole indeed control the ac-
tivity of OPNs there is no need for a one to one relationship between the activities of individ-
ual neurons. Because the OPNs are receiving a projection from a large area of the colliculus it 
is possible that even if individual neurons of the rostral pole decrease their firing, other neu-
rons that also project to the OPNs could increase their firing simultaneously. For instance, we 
could imagine a situation in which during the gap period the activity in the rostral pole is low-
er but wider keeping a constant drive to the OPNs. 
5.3.2 Who goes first? 
At least two possible order of events could led to microsaccades according to the mecha-
nism we propose. OPNs could stop firing first and then allow the firing of the BNs. Alterna-
tively, BNs could start firing first inhibiting OPNs. In the model this two behaviors depend on 
the values given to the strength of each inhibitory connection. 
In the first alternative small variations in the SC population activity should cause large 
changes in the activity of OPN that could from time to time trigger a microsaccade by allow-
ing the BNs to fire.  
In the second alternative LLBNs can start firing following the fluctuations of SC activity 
even when OPNs are not totally suppressed. At some point LLBNs completely inhibit OPNs 
allowing MLBNs to fire. 
The second alternative seems more plausible given the fairly constant firing rate of the 
OPNs and is the one chosen in our model.  
5.3.3 Do other signals bypass the SC to control saccade triggering in 
the reticular formation? 
Here we have given the role of triggering saccades exclusively to the SC and the reticular 
formation. In this model, all cortical influences in saccade triggering should act by affecting 
the activity in the SC. It would also be possible that some signals bypass the SC and affect 
directly the reticular formation.  
For instance, Valsecchi and collegues have shown that stimulus that should be invisible 
to the Superior Colliculus do affect microsaccade triggering (Valsecchi & Turatto, 2007). One 
candidate for this effect could be the Supplementary Eye Fields (SEF). SEF are related to the 
 
Modeling microsaccade triggering 101 
 
 
generation of memory guided saccades and also antisaccaeds (Schlag-Rey, Amador, Sanchez, 
Schlag, & others, 1997). Neurons in the SEF project directly to the OPN area (Shook, Schlag-
Rey, & Schlag, 1988) making them a good candidate for this bypassing signal. 
   102 
Chapter 6  
Unsupervised clustering 
method to detect 
microsaccades 
Saccades are rapid eye movements that change the line of sight between successive 
points of fixation during visual scanning of a scene. Their range of behaviors encompasses 
both voluntary and involuntary shifts of fixation (Leigh & Zee, 2006). Small involuntary sac-
cades, called microsaccades, interrupt attempted fixation a visual target once or twice a se-
cond (Rolfs, 2009) (Figure 6-1).  
Recent years have seen a surge in microsaccade research (Martinez-Conde et al, 2009; 
2013; Rolfs 2009). Microsaccades have been linked to the restoration of faded visual images 
(Martinez-Conde et al., 2006; McCamy et al., 2012; Troncoso et al., 2008a), to the visual 
scanning of small targets (Otero-Millan et al., In press), and to the correction of fixation posi-
tion (Otero-Millan et al., 2011c, 2011a, in press), among other functions (Martinez-Conde et 
al., 2013). Microsaccade dynamics can reflect attentional shifts (Engbert & Kliegl, 2003; 
Hafed & Clark, 2002), modulate the activity of visual neurons (Martinez-Conde et al., 2000, 
2002), and show distinctive characteristics in patients affected with neurological diseases 
(Otero-Millan et al., 2011c, in press). Thus, improved microsaccade detection has great poten-
tial value for the visual and oculomotor research community. 
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Microsaccadic parameters vary greatly across subjects. Microsaccade magnitudes range 
from 3 minutes of arc (Zuber et al., 1965) to 1 degree (Engbert, 2006; Otero-Millan, 
Troncoso, Macknik, Serrano-Pedraza, & Martinez-Conde, 2008b). Microsaccade velocities 
range from 3 to 100 degrees per second, and rates vary from less than 1 saccade per second up 
to 4 saccades per second (Martinez-Conde et al., 2004) 
 
 
Figure 6-1 Examples of microsaccades 
Each graph shows one second of the horizontal eye positions from two different recordings. Left eye 
(black) and the right eye (pink). Arrows indicate microsaccades. 
All saccades, including microsaccades, may be distinguished from other eye movements 
(i.e. slow intersaccadic drift) based on their higher velocity. Thus, automatic  saccade detec-
tion methods have relied typically on a simple velocity threshold (i.e. 20 deg/s) (Bahill, 
Brockenbrough, & Troost, 1981). See (Komogortsev, Jayarathna, Koh, & Gowda, 2010; 
Salvucci & Goldberg, 2000) for reviews on saccade detection methods.  
Variable levels of noise in the recording system (i.e. in the signal itself, video or voltage) 
and artifacts (including head movements, or changes in pupil size in the case of video track-
ers) can hinder automatic saccade detection however. Modern video based eye-trackers are 
more susceptible to these problems than classical methods such as the scleral search-coil 
technique (Robinson, 1963). Due to their small magnitudes and relatively slow speeds, 
microsaccades are the among the most challenging saccades to identify reliably.  
Engbert and Kliegl pioneered new saccade detection methods that were robust to varia-
ble recording conditions, and sensitive enough to detect microsaccades (Engbert & Kliegl, 
2003). A critical feature of their widely used microsaccade-detecting algorithm is a velocity 
threshold that adapts to the level of noise in the data (See Methods and (Engbert & Kliegl, 
2003) for a detailed description). A subsequent refinement introduced the option of consider-
ing only binoicular microsaccades (i.e. microsaccades occurring simultaneously in both eyes) 
(Engbert, 2006) to reduce the possibility of false positives (a prevalent problem in velocity-
threshold-based detection methods (Nyström & Holmqvist, 2010)).  More recently, 
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(Bettenbühl et al., 2009) developed a new method based on the combination of wavelet and 
principal components analysis (PCA) techniques. This method is not broadly used as of this 
writing, and is limited by the requirement of blink-free recordings. 
An alternative microsaccade detection method in current use combines a velocity and an 
acceleration threshold with the successive examination  by an expert, to reduce the numbers 
of both false positives and false negatives (Hafed et al., 2009).  
Here we developed a new unsupervised method to detect saccadic eye movements, in-
cluding the smallest microsaccades produced during attempted fixation, based on clustering 
techniques. This method has three main advantages over microsaccade-detecting methods 
used presently: First, it provides an index of the reliability of the detection outcome (based on 
the signal-to-noise ratio of the recording).  Second, it does not require the setting of an arbi-
trary threshold. Rather, it characterizes both the microsaccades and the events introduced by 
noise in the data to find automatically a boundary between them. Third, it does not rely 
strongly on the binocularity of microsaccades. We validated the performance of the proposed 
method against that of (Engbert & Kliegl, 2003), using eye-movement recordings from a 
commercial video tracker, and found an improved and more robust performance. 
6.1 A new method for microsaccade detection 
Microsaccades are the fastest eye movements during attempted fixation, a feature that fa-
cilitates their detection. Microsaccade rates range typically between  1 and 4 per second (Mar-
tinez-Conde et al., 2004), a  feature not used by current detection methods (Engbert & Kliegl, 
2003; Martinez-Conde et al., 2000),   even in the classification of neurological disorders 
(Abadi & Gowen, 2004; Otero-Millan et al., 2011c). The detection method that we present 
here relies on both microsaccade velocities and microsaccade rates. 
In any classification problem it is important to characterize not only the events of interest 
(i.e. microsaccades) but also those events that can be identified erroneously as events of inter-
est (i.e. noise or artifacts). The method we have developed automatically selects a set of can-
didate events that contains all the true microsaccades plus an undetermined, but upper bound-
ed, number of non-microsaccade events, and then uses an unsupervised clustering technique 
to find the boundary between the two event populations. 
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6.1.1 Event detection 
The proposed method identifies spikes of high instantaneous velocity in the eye move-
ment recordings as potential microsaccade candidates. To assure that the set of candidates 
selected includes both true microsaccades and non-microsaccadic eye movements, we find the 
N highest velocity peaks within a given period of time. N can be considered as an upper 
bound of the expected number of microsaccades per second. Saccade rates are typically below 
4 saccades per second (Martinez-Conde et al., 2004). Thus, we set N to 5 (i.e. in a 10 second 
recording we will find the 50 highest velocity peaks),  so as to include microsaccadic and 
non-microsaccadic events in the set of microsaccade candidates.   
 
Figure 6-2 Microsaccade candidate detection.  
A) Ten seconds of a horizontal eye position recording. B)  Polar velocity. C) Polar velocity with all the 
local maxima labeled by red triangles at the top. D) Polar velocity with only the microsaccade candi-
dates labeled. Note that the vertical eye position is also used by the detection method but here we 
chose to represent the horizontal component only for clarity given that most microsaccades show a 
horizontal direction. 
We estimate the horizontal and vertical instantaneous eye velocity from the eye position 
following equation (1) as in (Engbert & Kliegl, 2003): 
 vi = Fs6 (xi−2 + xi−1 + xi+1 + xi+2) (6-1) 
where xi is the eye position (horizontal or vertical) at time 𝑖, 𝑣𝑖 is the instantaneous eye 
velocity (horizontal or vertical) at time 𝑖 and, 𝐹𝑠 is the sampling rate. 
Then, we calculate the polar velocity combining the horizontal and vertical components: 
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 v = �vx2 + vy2 (6-2) 
 
If recordings are available for the two eyes, we average the polar velocities of the left 
and the right eye. 
To find the microsaccade candidates, we find the polar velocity local maxima that are 
separated by at least 30ms (to avoid dynamic overshoots (Abadi, Scallan, & Clement, 2000; 
Otero-Millan et al., 2011c, 2008b)) and then we select the N highest values. Next, we find the 
beginning and the end of each peak (i.e. potential microsaccade). We define the beginning 
and the end of the peak as the last sample before the peak, and the first sample after the peak, 
below a certain velocity threshold. 
6.1.2 Clustering 
Clustering refers to the problem of classifying a set of observations into different groups, 
so that elements within a group share more similarities among themselves than with to those 
elements in other groups. Clustering is an unsupervised classification problem because the 
observations belong to a priori unknown true groups, thereby precluding supervised training. 
Unsupervised classification methods are commonly used in spike sorting , genetics, etc. 
One standard algorithm for cluster analysis is k-means. K-means consists on an iterative 
algorithm that assigns observations to K groups or clusters to minimize the within-cluster var-
iability, that is, the sum of distances from each observation to the center of its own cluster. 
Each observation is characterized by a vector f of features {f1,f2,f3…} and the distance be-
tween observations is typically measured with Euclidean distance.  
For each microsaccade candidate, we consider the following features: peak velocity, and 
peak polar acceleration and peak linear acceleration. Because the distributions of all these 
parameters are very skewed towards small values, we use their logarithms to facilitate the 
clustering. Let (log( 𝑣𝑒𝑙𝑖) , log(accp𝑖) , log(𝑎𝑐𝑐𝑙𝑖)) be the vector of features for the candidate 
i, and X be the matrix formed by all the candidates.   
 X = �x1x2
⋮xm� , xi = (log( 𝑣𝑒𝑙𝑖) , log(accp𝑖) , log(𝑎𝑐𝑐𝑙𝑖)) (6-3) 
Because all the above characteristics are highly correlated, we obtain the principal   be-
fore applying the clustering. If C is the covariance matrix of X, M the mean vector of X, V the 
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matrix formed by the eigenvectors of C, and D the diagonal matrix with the inverse square 
root of the eigenvalues of C, then, the new matrix X* corresponds with the uncorrelated com-
ponents of X. 
 X∗ = (X − M) ∗ (V ∗ D) (6-4) 
Next, we use only the p first columns of X* (which account for the most variance) and 
apply the k-means algorithm to this new set of observations. We select p (1, 2 or 3) depending 
on how many columns have an eigenvalue larger than 5 percent of the maximum eigenvalue. 
To select the value of K, number of clusters, we test multiple values (2, 3 and 4) and select the 
one with smallest average silhouette. 
Then, we take the cluster with the largest average magnitude as the true microsaccade 
cluster. 
6.1.3 Quality control metric 
Internal or external methods may estimate the goodness of the separation between clus-
ters. Internal methods employ only the information already used for the clustering, i.e. the 
features. External methods use additional information such as true labels of the observations 
(the true group they belong to). Here we chose an internal method because we do not have the 
true labels of our data. 
The internal method we used is called the mean silhouette, where the silhouette of each 
observation is defined as: 
 si = bi − aimax (ai, bi) (6-5) 
 
Were 𝑎𝑖 is the average distance of the observation 𝑥𝑖 with all the elements in its own 
cluster and 𝑏𝑖 is the smallest average distance between the observation 𝑥𝑖 and the elements of 
all other clusters. 
The silhouette value for each point ranges from -1 to +1, and it is a measure of the simi-
larity between that point and other points in its own cluster, compared its similarity to points 
in other clusters. The average of the silhouette across observations provides a measure of the 
distance between clusters. 
This metric serves to estimate the separation of microsaccades from noise, so that one 
may discard data with high levels of noise that would produce unreliable results if used. 
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6.2 Human data collection 
The eye movement database in this study  included twenty four adult subjects with nor-
mal or corrected-to normal vision. All subjects fixated a small target on a computer monitor at 
a distance of 57 cm, typically during the performance of a perceptual task (Martinez-Conde et 
al., 2006; McCamy et al., 2012; Otero-Millan et al., 2012; Troncoso et al., 2008a, 2008b).  
Experiments were performed under the guidelines of the Barrow Neurological Institute’s In-
stitutional Review Board (protocol 04BN039) and written informed consent was obtained 
from each participant. Each subject participated in one or two sessions of 50 min each.  
Eye position was recorded noninvasively in both eyes with a fast video based eye 
movement monitor (Eyelink II or EyeLink 1000; SR Research) at 500 samples per second 
(instrument noise, 0.01° RMS). We identified blink periods as the portions of the video track-
er recorded data where the pupil information was missing. We added 200 ms before and after 
each period to further include the initial and final parts of the blink, where the pupil is partial-
ly occluded. We moreover removed those portions of the data corresponding to very fast de-
creases and increases in pupil area (20 units per sample) plus the 200 ms before and after. 
Such periods are probably due to partial blinks, where the pupil is never fully occluded (thus 
failing to be identified as a blink by the eye tracker software) (Troncoso et al., 2008b). 
6.3 Other microsaccade detection methods 
To validate the performance of the present method, we also detected microsaccades with 
a widely used and accepted objective and automatic method of microsaccade detection 
(Engbert & Kliegl, 2003). This method requires the setting of a sensitivity factor, called 
lambda, that combined with an estimation of the level of noise in the data determines the final 
threshold. In any analysis were we tested only one value of lambda we used lambda=6. To 
reduce the amount of potential noise (Engbert, 2006), we analyzed only binocular 
microsaccades (that is, microsaccades with a minimum overlap of one data sample in both 
eyes) (Engbert, 2006; Laubrock et al., 2005; Rolfs et al., 2006; Troncoso et al., 2008b). We 
also imposed a minimum intersaccadic interval of 20 ms so that overshoot corrections were 
not categorized as microsaccades (Møller et al., 2002; Otero-Millan et al., 2008b; Troncoso et 
al., 2008b). 
We moreover tested a recent automatic method (Engbert & Mergenthaler, 2006; Mer-
genthaler & Engbert, 2010) to select the lambda value used by the (Engbert & Kliegl, 2003) 
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algorithm. To do this, we calculated the instantaneous eye velocity within each trial. Then, we 
randomly shuffled the velocity samples in time, to remove all correlations between contigu-
ous data samples and between left and right eye, obtaining the surrogate velocities. To recon-
struct the eye position traces from the surrogate velocities, we computed the integral of the 
velocity. We note that the distribution of the velocity samples in the surrogate data was exact-
ly the same as in the original data. Finally, we applied the same detection algorithm to both 
surrogate and original data, varying the lambda parameter.  For most lambda values of lamb-
da, there were more microsaccades detected in the original data than in the surrogate data. We 
selected the lambda that resulted in the largest difference between the number of 
microsaccades detected in the original and surrogate data. 
6.4 Manual labeling 
To measure the performance of the detection methods we created a new dataset with the 
microsaccades detected by an expert. We performed the manual detection of microsaccades in 
our dataset using a visual graphic interface that always showed a window of data of 10 se-
conds. The vertical axis and the size of the window were always kept constant. The expert 
operator (J.O.-M) pointed with a mouse to the location of each microsaccade within the 10-
second window. The beginning and end of each microsaccades were then detected automati-
cally around the point selected.  
6.5 Simulated data generation 
Simulated eye movement recordings replicated the properties of the microsaccades and 
the noise in each individual recording. First, we extracted a template of the average shape of a 
microsaccade by averaging the waveform of 100 different microsaccades normalized to mag-
nitude 1 deg. Next, we randomly assigned onset times and magnitudes to create a sequence of 
microsaccades. Finally, we added noise to this signal. To generate the noise, we modeled the 
data from microsaccade-free data portions using an auto regressive process of order 10. To 
replicate more realistic variable levels of noise during a recording we also added a multiplica-
tive low frequency component of white noise filtered at 1 Hz. 
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6.6 Results 
We developed a novel method to detect the small involuntary saccades produced during 
attempted gaze fixation; i.e., microsaccades.  Unlike previous saccade detection methods 
(Bahill et al., 1981; Engbert & Kliegl, 2003), the present method does not require the setting 
of an arbitrary velocity threshold. Rather, it characterizes automatically both microsaccadic 
and non-microsaccadic events (including noise) and uses clustering techniques to find the ide-
al boundary between them. Our new method also provides an index of the reliability of the 
result, in relationship to the signal-to-noise ratio in the raw data. 
To validate our method, we compared its performance to the most widely used method 
for microsaccade detection in current use (Engbert & Kliegl, 2003), applying a three-pronged 
approach: first, we analyzed qualitatively the distributions of microsaccade properties ob-
tained with both methods (i.e.  magnitudes, peak velocities). Second, we compared the per-
formance of both detection methods against an expert's manual detection (J.O.-M.), in the 
same dataset.  Finally, we evaluated the performances of both methods on artificially-
generated datasets. 
6.6.1 Qualitative validation 
Many saccade detection methods classify the fast portions of the eye movement record-
ings as saccades, by applying a set velocity threshold to the data. Engbert and Kliegl method 
(Engbert & Kliegl, 2003) offers the critical advantage of a threshold that adapts to the level of 
noise in the data, but requires the user to indicate an factor (lambda, typically 6, but some-
times 4 or 5, see (Engbert & Mergenthaler, 2006; McCamy et al., 2012; Mergenthaler & 
Engbert, 2010)) that is multiplied by the standard deviation of the velocity in the recording to 
obtain the final velocity threshold. 
Holmquist et al (Nyström & Holmqvist, 2010) used the shape of the distributions of sev-
eral saccade parameters as a major indicator of the result of automatic saccade detection. Here 
we also investigated the shape of these distributions to determine the effects of different 
lambda values in Engbert and Kliegl’s method and to compare the results with our new meth-
od. Very low (permissive) lambda values produced many false positives and bimodal distribu-
tions of microsaccade magnitudes and peak-velocities, where the first mode corresponds to 
false positives (noise and/or slow eye movements) and the second mode to true microsaccades 
(Figure 6-3). An ideal method would detect all the microsaccades in the second mode and 
none in the first mode. 
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Figure 6-3A-B shows the average distributions of microsaccade amplitudes and peak ve-
locities for all recordings combined. Low values of lambda (< 4) produce many 
microsaccades in the first mode (i.e. false positives). High values of lambda (> 7) reduce the 
size of the second mode, thereby reducing the number of true microsaccades detected (i.e. 
false negatives). The method works well with the standard value of lambda = 6, but it still 
produces some false positives in the first mode (especially clear in Figure 6-3B). The new 
method results in a single (i.e. second) mode, suggesting an improved performance when 
compared to set lambda values (Figure 6-3A-B). 
 
Figure 6-3. Bimodal distributions of microsaccade properties 
(A) Average microsaccade amplitude distribution across all recordings. (B) Average microsaccade 
peak velocity distribution across all recordings. (C,D,E) Microsaccade amplitude and peak velocity 
distributions for three different recordings. (A-E) Thin gray lines correspond to different values of 
lambda (from 2.5 to 20, left to right) in Engbert and Kliegl's method. The thick gray line corresponds 
to lambda = 6. The blue line shows the distribution obtained with the new clustering method.  
Individual recordings may produce different results. Figure 6-3C-E illustrates three rep-
resentative examples of this variability. In Figure 6-3C,  the bimodality is very obvious and 
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both methods work very well. In Figure 6-3D, the bimodality is also clear, but only the clus-
tering method performs well. In Figure 6-3E, the bimodality is not clear and it is hard to know 
if which method, if any, produces an optimum performance. It is critical to have a method that 
adapts well to different recording contitions and that warns the experimenter when the quality 
of the data is low. 
6.6.2 Quantitative validation 
To quantify the performance of different microsaccade detection methods, one needs a 
dataset where the occurrences of true microsaccades are correctly labeled. Unfortunately, 
such dataset is not possible, given that microsaccades are involuntary and that a flawless re-
cording and detection method is not yet available. Thus, we opted for expert manual labeling 
of the microsaccades in our dataset (see Methods), and used  these labels to calculated the 
number of errors (false positives and false negatives) from each method.  
  
 
Figure 6-4. Correlation between mean silhouette and error rate across recordings. 
 
The standard metric of performance in classification problems is the error rate, defined 
as the percentage of observations that are classified incorrectly (false positives and false nega-
tives). This definition is not appropriate in our case, because the total number of observations 
(microsaccade candidates) is arbitrary. Instead, we calculate the error rate as number of errors 
per unit of time. 
The new clustering method identifies microsaccades automatically and also gives an in-
dex of the quality of the data, mean silhouette, related to the signal-to-noise ratio (see Meth-
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ods). Figure 6-4 shows the correlation between the error rate across recordings and the mean 
silhouette of each recording. We found a strong negative correlation (R=-0.9 p 
=0.000000003), indicating that our metric is a good predictor of the reliability of the detec-
tion. That is recordings with high mean silhouette result in low error rates and recordings with 
low mean silhouette result in high error rates. 
Next, we calculated the error rate across recordings using (Engbert & Kliegl, 2003) 
(lambda=6) and the new clustering method. Figure 6-5A shows the results for all recordings, 
sorted by mean silhouette (higher silhouette first). In most sessions (18 out of 24) the cluster-
ing method showed an improved performance (median error in Engbert and Kliegl, 2003: 
0.27 errors per second; median error in clustering method: 0.1 errors per second).  
 
Figure 6-5 Error rates in Engbert and Kliegl (2003) method and in new clustering method 
(A) Arrows indicate the difference in error rate between the Engbert and Kliegl method and the new 
clustering method, in each recording. Blue: the clustering method results in a smaller error. Green: the 
clustering method results in an equal error. Red: the clustering method results in a larger error.  (B) 
Median (red lines) error rates for each method (E6, Engbert and Kliegl with lambda=6; C, new cluster-
ing method). 
The performance of the Engbert and Kliegl method with lambda=6 is variable across re-
cordings, so it is possible that different lambda values may be preferable in some recordings. 
To address this issue, Mergenthaler and Engbert (Engbert & Mergenthaler, 2006; Mer-
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genthaler & Engbert, 2010) developed an additional method to select the best lambda value 
for any given recording. This method is based on surrogates and estimates the value of lamb-
da that maximizes the difference between the numbers of true and false positives (see Meth-
ods). Figure 6-6 shows the resultant error rates obtained when selecting the best lambda for 
each subject: some individual subject error rates are very large, but the median error rate im-
proves slightly. We also calculated the error rate selecting the best lambda a posteriori, that is, 
choosing the lambda value that produced the smallest error rate. In this case, the median error 
rate is much lower, but still slightly higher than with the clustering method. Thus, the cluster-
ing method is indeed selecting the best possible boundary between true microsaccades and 
non-microsaccadic or noisy events. 
 
 
Figure 6-6 Error rates in Engbert and Kliegl's method and the new clustering method 
Left: Median error rates (red lines) for the two methods (E6, Engbert and Kliegl with lambda = 6. ES, 
Engbert and Kliegl with the lambda indicated by the surrogate method for each subject. EB,  hypo-
thetical best result possible with ideal lambda (i.e. chosen a posteriori to minimize error rates). C, new 
clustering method). Right: same data as in left panel, with a smaller range in the y-axis. 
Some experimental conditions preclude binocular recordings, due to the task, the setup, 
or the limitations of the eye tracker. Thus, it is important to evaluate the performance of 
microsaccade detection methods in monocular recordings as well. Here we used the same da-
taset as in the previous analyses, but now using the recording from one eye only. Figure 6-7 
shows the performance of the clustering method and the Engbert and Kliegl method (lamb-
da=6) for monocular recordings. The clustering method is more robust and outperforms the 
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Engbert and Kliegl method in most recordings (17 of 24), reducing the median error rate from 
1.1 to 0.25 errors per second. 
   
Figure 6-7 Error rates in the Engbert and Kliegl method and the new clustering method, using 
monocular data. 
(A) Arrows indicate the difference in error rate between the Engbert and Kliegl method and the new 
clustering method, in each recording. Blue: the clustering method results in a smaller error. Green: the 
clustering method results in an equal error. Red: the clustering method results in a larger error.  (B) 
Median (red lines) error rates for each method (E6, Engbert and Kliegl with lambda=6; C, new cluster-
ing method).  
6.6.3 Validation using simulated data 
Next, we assessed the performance of each method using simulated data. We generated 
artificial eye position traces, including microsaccades (replicating a template extracted for 
each subject) and different forms of noise (see Methods for details). 
First, we generated monocular data and added simple AR (autoregressive) noise.  Both 
algorithms behave well in this condition, for moderate levels of noise (Figure 6-8A). Next,  
we added a multiplicative low-frequency noise, which made the noise level variable through 
time, thus resulting in a more realistic scenario (since in real situations the level of noise may 
vary with subject movement or changes in pupil size). This condition resulted in performance 
degradation for the Engbert and Kliegl method (Figure 6-8B). Then, we generated binocular 
data and added independent noise signals to each eye (as well as the multiplicative term) 
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(Figure 6-8C). This situation improved dramatically the performance of the Engbert and 
Kliegl method, using the binocular information in a very efficient way. Finally, we added a 70 
percent correlation between the noise signals in each eye, rather than completely independent 
noise in each eye. This is also a more realistic scenario, because intersaccadic drift and/or 
noise and artifacts are usually correlated between the two eyes (Figure 6-8E). In this situation, 
the clustering method behaves better than Engbert and Kliegl’s.  
To sum up, the Engbert and Kliegl method works very well under simple circumstances, 
that is, when simple noise is uncorrelated between the two eyes. When the noise level varies 
throughout  the recording, and is correlated between the two eyes (a more realistic scenario), 
the clustering method performs better, however. 
 
Figure 6-8 Performance of the Engbert and Kliegl method and the clustering method using simu-
lated data 
(A) Monocular data with AR (autoregressive) noise.  (B) Monocular data with AR noise and an addi-
tional low frequency multiplicative noise. (C) Binocular data with independent noise components gen-
erated as in (B). (D) Binocular data as in (C) but with correlated (70%) noise components. (A-D) Red 
lines represent median error rates across recordings. (E) Distributions of correlation coefficients be-
tween left and right eye for microsaccade-free eye movement periods. E6, Engbert and Kliegl with 
lambda=6; C, new clustering method). 
6.7 Discussion 
We present a new method to detect microsaccades based on clustering techniques. We 
found that this clustering method performs better than current standard methods of 
microsaccade detection (Engbert & Kliegl, 2003), with a  62% improvement in the case of 
binocular data and a 77% improvement with monocular data. In this section, we discuss the 
additional advantages that the clustering method incorporates and review the possible options 
to validate eye movement classification methods, including the clustering method. We also 
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make a case that the data quality index provided by the clustering method can have significant 
value as a standard way to evaluate eye tracking devices. 
6.7.1 Advantages of the new method 
Most saccade or microsaccade detection methods in current use require the setting of a 
sensitivity parameter, such as a velocity threshold (determined by lambda in Engbert and 
Kliegl’s method). The clustering method we have developed does not require such a parame-
ter because it finds, automatically and objectively, a boundary between true microsaccades 
and non-microsaccadic events (including intersaccadic drift, noise and artifacts). The method 
takes advantage of the fact that microsaccade rate usually ranges from 0.5 to 4 per second to 
select a set of microsaccade candidates (at a rate of 5 per second) that contain all true 
microsaccades and a comparable amount of non-microsaccadic events. This assumption is 
sound, given that most subjects (even those suffering from neurological pathologies) produce  
saccade rates that are no higher than  4 per second (Martinez-Conde et al., 2004). Indeed, 
most healthy subjects exhibit saccade rates between 1 and 2 per second, although some sub-
jects can  suppress microsaccades down to rates of only 0.5 per second (Rolfs, 2009). Even in 
free-viewing tasks in which subjects are allowed to make all types of saccades, saccadic rates 
usually do not exceed 4 per second (Otero-Millan et al., 2008b). Thus, the clustering method 
can be applied to detect saccades of any size in any type of perceptual or oculomotor task. 
The clustering method does not rely on the binocularity of microsaccades. When data 
from the two eyes is available, it will average it across  the eyes to reduce noise, but this fea-
ture is not critical for the method's performance (Figure 6-7). This results in a double ad-
vantage: First, the method works well even if only monocular data is available. Second, even 
when binocular data is available, the method  does not discard potentially monocular 
microsaccades, or microsaccades with a very small component in one of the eyes (Van Horn 
& Cullen, 2012). 
Finally, the clustering method provides an index of the signal-to-noise ratio in the data, 
which may be used to quantify the performance of various eye tracking systems, or to warn 
the experimenter about high levels of noise, and thus the potential need to discard data. 
6.7.2 General principles to validate microsaccade detection methods  
Performance validation is a recurring problem for microsaccade and saccade detection 
methods.  Several options have been used in the past: 
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Comparison with labeled data. This is the most straightforward approach to evaluate de-
tection methods, as it compares the detected events against the true values, i.e. the true 
microsaccade occurrences. In the case of microsaccade detection, it requires an expert to label 
every single microsaccade in the data, a strategy that poses potential problems related to the 
level of expertise of the labeler and  his/her subjectivity, and is time consuming when labeling 
long recordings. Given the intrinsic difficulties of microsaccade detection, expert manual la-
beling is sometimes used to reduce the numbers of false positives and false negatives in the 
results (Hafed et al., 2009; Hafed & Krauzlis, 2010, 2012). 
Comparison with stimuli. In the situation in which subjects are instructed to follow a 
jumping target, the saccade detection results can be checked against  the actual jumps of the 
target (Komogortsev et al., 2010; Salvucci & Goldberg, 2000). This method poses multiple 
potential problems, however, including variability in the subjects' reaction times, occasional 
corrective saccades, etc. More importantly, it is not applicable to microsaccade detection, giv-
en that fixation targets are stationary during the entire length of the recordings, and that 
microsaccades occur involuntarily, rather than as responses to jumps of the target. 
Distribution metrics or qualitative exploration.  Different descriptive statistics or graph-
ical representations can be used to identify detection problems. For instance, one may identify 
values outside physiologically plausible ranges, such as saccade durations that are too short or 
too long, or velocities that are too high. Visual inspection can moreover point to potential 
problems such as bimodalities in the distributions of saccade parameters (Nyström & 
Holmqvist, 2010). 
Simulated data. Simulated data is advantageous in that it can be labeled objectively, and 
one can moreover control the level and properties of the noise. The main drawback of this 
option is its limited realism. 
All of the above approaches have advantages and limitations, and so we opted for using 
all of them (except for the comparison with stimuli, which is not applicable to microsaccades) 
to validate our method.  
6.7.3  A new index of eye-tracking precision? 
Two main parameters are important in any eye tracking system: precision and accuracy. 
Precision defines the magnitude of the changes in eye position that the system can detect. Ac-
curacy refers to the system's ability to indicate the correct eye position without a bias. In the 
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case of saccade detection, precision is the critical parameter. Low accuracy will affect the 
saccade characterization, but not its detection. 
Many factors may influence the quality of a recording (Holmqvist, Nyström, & Mulvey, 
2012), such as subject characteristics, operator expertise, amount of head or body movement, 
position of the camera or source illumination, and critically,  the specific eye tracking system 
in use.  
Because one cannot know which of the eye positions recorded correspond to true eye 
movements versus noise, the standard assessment of an eye tracking system's precision  relies 
on the use of artificial eyes, where all the eye movements recorded are necessarily due to 
noise or artifacts.  
Our novel clustering method can solve this important problem by providing an objective 
index of the eye tracking system's precision. The clustering method's index of the reliability of 
the result, based on mean silhouette, is indeed correlated with the error rate of different re-
cordings (Figure 6-4).  
   120 
Chapter 7 General discussion 
and conclusions 
We have shown that microsaccades occurring during fixation form a continuum with 
regular exploratory saccades, they are essentially the same type of eye movement. They can-
not be distinguished based on any characteristic and even the classic definition of 
microsaccades as "saccades made during attempted fixation" may be artificial and fixation 
may be better understood as exploration of a very small area. 
Based on these results we have proposed a model for microsaccade triggering that gener-
ates microsaccades as a result from fluctuations of neural activity in the superior colliculus. 
The trigger has to continuously decide if it is time to make a saccade or not and, even in the 
case when we voluntarily want to maintain fixation the trigger will produce microsaccades 
due to these fluctuations. This model can also explain some types of abnormal eye move-
ments observed in patients affected with neurological disorders like square-wave jerks. 
First we review the evidence supporting the microsaccade-saccade continuum. Then, we 
review the implications of explaining microsaccade triggering on models of the saccadic sys-
tem. Next, we discuss the potential role of microsaccades in diagnose of neurological disease. 
Finally, we retake the discussion from Chapter 1 and discuss what our results tell us about the 
reason why we make microsaccades at all. 
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7.1 Microsaccades and saccades 
We have shown evidence that microsaccades and saccades share the same oculomotor 
generator. Numerous other research findings support also the hypothesis of a common origin 
for microsaccades and saccades (Hafed, 2011; Martinez-Conde et al., 2009; Rolfs et al., 
2008a): 
First, microsaccades and saccades show common dynamic properties. Both are binocular 
and conjugate, that is, the two eyes move simultaneously in the same direction (Ditchburn & 
Ginsborg, 1953). Both follow the same magnitude/peak velocity relationship (Zuber et al., 
1965). The distributions of time intervals between saccades and microsaccades have compa-
rable characteristics (Cunitz & Steinman, 1969; Otero-Millan et al., 2008a).  
Second, microsaccades and saccades are both affected by covert attention and distracters. 
Saccades are inhibited after visual stimuli changes during visual search, reading, and simpler 
tasks (Reingold & Stampe, 2000). Microsaccades show the same type of transient inhibition 
during maintained fixation (Engbert & Kliegl, 2003; Rolfs et al., 2008a). Furthermore, pe-
ripheral stimuli can bias the direction of both microsaccades and saccades (Engbert & Kliegl, 
2003; Hafed & Clark, 2002; Walker, Deubel, Schneider, & Findlay, 1997). 
Third, volitional control may affect microsaccades and saccades in equivalent fashion. 
Even though microsaccades are usually considered involuntary, subjects can suppress them 
voluntarily for extended periods (Steinman, Cunitz, Timberlake, & Herman, 1967), and pro-
duce voluntary saccades of the size of microsaccades (Haddad & Steinman, 1973). 
Fourth, the properties of microsaccades produced during certain tasks resemble those of 
saccades made during equivalent tasks. For instance, subjects threading a virtual needle pro-
duced microsaccades that were directed to the target accurately, suggesting that 
microsaccades can scan small visual regions just as saccades do larger regions (Ko et al., 
2010). Microsaccades produced while a visual stimulus moved in a constant direction in the 
background resembled the quick (i.e. saccadic) phases of (micro) optokinetic nystagmus 
(Laubrock, Engbert, & Kliegl, 2008). 
Finally, microsaccades and saccades interact temporally with one another, suggesting a 
common triggering mechanism. Rolfs et al. reported that the latency of a saccade made to a 
target was longer if a microsaccade occurred up to 300ms before the saccade (Rolfs et al., 
2006). Here we have found equivalent distributions for the time intervals between 
microsaccades and saccades during visual exploration and search. 
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7.2 Implications for models of the saccadic system: the trigger 
Since the creation of the first mathematical model of the saccadic system (Robinson, 
1975), much of the research effort has been directed to explaining saccadic targeting and ac-
curacy (i.e. the process by which the brain controls when the eye stops once it has reached its 
target) (Sparks, 2002). The saccadic trigger mechanism has received far less attention (Girard 
& Berthoz, 2005). Explaining microsaccade triggering presents constraints on how this mod-
els can be implemented. 
The first Burst Generator (BG) models relied on dual inputs: a binary input that indicated 
whether to trigger a saccade or not at any given time, and a non-binary input  that specified 
the saccade amplitude (i.e. the absolute desired eye position in some models (Van Gisbergen 
et al., 1981) or the desired  change in eye position in other models(Jürgens et al., 1981)). Cur-
rent BG models generally use a single non-binary input that indicates the desired change in 
eye position and triggers a saccade whenever its value exceeds zero (Breznen & Gnadt, 1997; 
Gancarz & Grossberg, 1998; Grossberg & Kuperstein, 1986; Scudder, 1988). Present BG 
models offer the possibility of adding noise to their non-binary input to trigger microsaccades 
(unlike earlier BG models relying on binary inputs).  
Some SC models generate a specific trigger signal when the neural activity reaches a 
given threshold only at some caudal location in the map (i.e. representing peripheral eccentri-
cities). Thus, they produce only relatively large saccades (i.e. ~2 degrees or more) 
(Trappenberg et al., 2001) and cannot account for microsaccadic triggering. 
For any model to be correct, the saccade triggering circuit must be shared by all systems 
that are known to produce saccades (i.e. such as the vestibular system, which generates the 
quick-phases of nystagmus). Thus, it stands to reason that the saccade triggering circuit 
should be located as far downstream as possible within the oculomotor system: the brainstem 
nuclei satisfy this requirement. Indeed, in our view the saccadic system can be conceptualized 
as a chain of triggers. For example, the FEF produce saccades by triggering the SC, which in 
turn triggers the brainstem. Yet, the brainstem circuit formed by BNs and OPNs, being last in 
the chain, is the only trigger mechanism both necessary and sufficient to generate saccades.   
Here we have implemented a distributed model of the saccadic system that generates 
saccades of all sizes, and triggers microsaccades as a consequence of random fluctuations of 
neural activity. 
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7.3 Microsaccades as a diagnostic tool 
Studying eye movements is of great interest to the neurologist. First, it is possible to 
measure them very precisely due to the simple musculature that controls the eyes and because 
of the exposed nature of the eye itself. Second, different kinds of eye movements can be easi-
ly characterized and each of them can reveal information about different brain areas. Here we 
have shown how multiple microsaccade parameters can be used to differentiate between pa-
tient populations. 
It could be argued that because microsaccades share the same oculomotor circuit as sac-
cades they may not provide much additional information to the one already available by re-
cording voluntary saccades or even by simple visual neurological inspection. This may be true 
in some cases, for instance, slow saccades will be correlated with slow microsaccades and 
vertical palsy will be correlated with lack of vertical component in microsaccades, as it occurs 
in PSP. 
However, microsaccades may provide some additional information that would otherwise 
not be available with voluntary saccades. Following from our model, microsaccades are gen-
erated by fluctuations of activity in the superior colliculus. Therefore, findings like the high 
rate of microsaccades in Parkinson's disease or the large magnitude of microsaccades in PSP 
may reflect abnormalities in this fluctuations that would otherwise not be reflected in regular 
saccades. 
Our hypothesis, as explained in Chapter 4, is that the Basal Ganglia may have a critical 
role in controlling these fluctuations. The Sustantia Nigra Pars Reticulata sends inhibitory 
projections to the Superior Colliculus and is thought to be related to the control of saccade 
inhibition and initiation. Typically, behavioral tasks like the anti-saccade or the stop-go-
saccade are used to explore this inhibitory control. Future studies should compare the parame-
ters of microsaccades during attempted fixation with the saccades made during those tasks. 
7.4 Why do we make microsaccades? 
As we introduced in Chapter 1 scientist have debated during decades over the purpose of 
(of lack thereof) microsaccades. They were called an evolutionary mystery. What light can 
our results shed on this question? Here we have focused on the common system that generates 
microsaccades and saccades. Therefore, it makes sense to ask the question of what would 
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need to be different in the oculomotor system to not produce microsaccades during attempted 
fixation and what would be the benefits and consequences of those differences. 
First, it has been shown that microsaccades are beneficial for perception, they counteract 
perceptual fading and precisely relocating our gaze (Ko et al., 2010; Martinez-Conde et al., 
2006). Here, we will discuss what would be the consequences of an oculomotor system 
adapted to not produce microsaccades. 
As we have shown, the saccadic system has to continuously decide if it is time to make a 
saccade or not based on external sensory input and internal cognitive processes. This inputs 
are necessarily noisy and therefore, even if our intention is to not make any saccade and keep 
our gaze still, the system will sometimes decide to trigger a microsaccade based on its noisy 
input. We can think of two alternatives on how this system could work in order to avoid the 
production of microsaccades during attempted fixation.  
One possibility could be to shut down completely the saccadic system at will during at-
tempted fixation so no saccades can be triggered as a result of any fluctuation of activity. 
However, our saccadic system needs to be ready all the time to react with reflexive saccades 
to behaviorally relevant stimulus that may threaten us. Thus, such a shutdown mechanism 
would difficult the reflexive redirection of gaze to important stimulus. 
 Another possibility could be to have a system tuned so small fluctuations of activity oc-
curring never trigger saccades, and only large fluctuations due to voluntary commands do. In 
foveated species however, small saccades might be useful to scan fine detail of images. Tun-
ing the system this way could result in suppressing otherwise useful saccades that are sup-
posed to correct for small errors of gaze position. 
We argue that there is no good reason to have a saccadic system that does not produce 
microsaccades. Microsaccades are beneficial for perception and modifying the oculomotor 
system to not produce microsaccades would have detrimental consequences in normal sac-
cadic behavior. We have shown in this thesis that the saccadic system is always active, we are 
always scanning at different scales. Microsaccades are the result of the normal behavior of the 
saccadic system. We look at things but we never truly fixate (Gibson, 1986).  
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